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Kurzfassung
Die vorliegende Arbeit beschäftigt sich mit der Struktur-/Wirkungsbeziehung von 
Katalysatorschichten in der Anode der Direkt-Methanol-Brennstoffzelle (DMFC). 
Dabei wird die Struktur der Katalysatorschichten durch Variation der 
Herstellungsbedingungen, der Katalysatorbelegung und der Zusammensetzung 
geändert. Ziel ist es, die Struktur der Katalysatorschichten so zu verbessern, dass 
einerseits eine Leistungsverbesserung der DMFC erzielt wird, andererseits die 
Belegung des teuren Platinkatalysators in der Anode reduziert werden kann.
Die Anodenkatalysatorschichten bestehen aus einer ungeträgerten Platin-
Ruthenium-Legierung als Katalysator für die Methanoloxidation und Nafion? als 
Protonenleiter zum Kontakt der Katalysatorpartikel. Alle Anodenkatalysatorschichten 
werden mit einem Sprühverfahren als Teil von Membran-Elektroden-Einheiten 
präpariert und mit einer Nafion?-Membran heissverpresst. Die Struktur der 
Katalysatorschichten wird mit Porosimetrie, Röntgenelektronenmikroskopie (REM) 
und energiedispersiver Röntgenanalyse (EDX) untersucht. Die physiko-chemischen 
Eigenschaften werden mit elektrochemischen Methoden, das heißt 
Strom/Spannungsmessungen, Zyklovoltammetrie und Impedanzspektroskopie  
bestimmt. Dazu wird eine neue Testzelle entwickelt, mit der die DMFC-Anoden unter 
praxisnahen Betriebsbedingungen getestet werden können. Die Experimente werden 
durch theoretische Arbeiten unterstützt. In diesem Rahmen wird eine neue Methode 
zur Bestimmung der Protonenleitfähigkeit in Katalysatorschichten entwickelt.
Der Nafionanteil in der Katalysatorschicht beeinflusst vor allem die aktive 
Katalysatoroberfläche, die Hydrophobie und die Protonenleitfähigkeit. Diese 
Parameter ändern sich teils gegenläufig mit dem Nafiongehalt. Der beste 
Kompromiss und die höchste Anodenleistung wird bei einem Nafiongehalt von 
37 Vol.% gefunden. Für die Belegung des Platin-Ruthenium-Katalysators wird eine 
kritische Grenze gefunden, oberhalb derer kein signifikanter Leistungszuwachs der 
Anode erzielt wird. Bei einer Betriebstemperatur von 80 °C und einer Stromdichte 
von 200 mA/cm² beträgt die kritische Grenze 1.5 mg/cm², entsprechend einer 
Katalysatorschichtdicke von 8 ?m. Die Bedingungen beim Heißverpressen der 
Katalysatorschicht mit der Nafion?-Membran beeinflussen die Nafionverteilung in der 
Katalysatorschicht, die Porosität, die aktive Oberfläche und den Kontaktwiderstand 
zwischen Katalysatorschicht und Membran. Die beste Anodenleistung wird bei einer 
Pressdauer von 3 Minuten, einem Pressdruck von 4 kN/cm² und einer 
Presstemperatur von 130° C erzielt.
Niedrige Katalysatorbelegungen und hohe Pressdrücke der Anode führen zu einer 
erhöhten Methanolpermeation von der Anode zur Kathode und damit nicht nur zu 
einer Leistungsverschlechterung der Kathode, sondern auch der Einzelzelle. Für die 
praktische Anwendung bedeutet dies, dass der Kostenvorteil einer reduzierten Platin-
Ruthenium-Belegung und der Leistungsvorteil bei erhöhtem Pressdruck erst entsteht, 
wenn eine Membran mit deutlich reduzierter Methanolpermeation entwickelt wird.
Strom/Spannungsmessungen an der DMFC-Anode werden auf Basis verschiedener 
Reaktionsmechanismen der Methanoloxidation mit der Software ‘KINFIT’ simuliert. 
Die Simulationen ergeben, dass man eine kritische Rutheniumoberfläche benötigt, 
um eine ausreichende Aktivität des Platin-Ruthenium-Katalysators zu gewährleisten. 
Für die praktische Anwendung leitet sich daraus ab, den Rutheniumgehalt des 
Katalysators bei kleinen Belegungen zu erhöhen.
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1Introduction
1.1 Motivation and the main task 
Reduction of the high amount of expensive noble metals in the catalyst layers of 
direct methanol fuel cells (DMFC) is one of the most important prerequisites for a 
commercial application of the DMFC. The high catalyst loading of about 3-4 mg/cm² 
in both electrodes is today necessary because of poor electrode kinetics and 
permeation of methanol from the anode to the cathode. To overcome these 
problems, the following goals have to be reached: 
- development of a chemically and mechanically stable proton conducting 
membrane with sufficient proton conductivity and low permeation rate of water 
and methanol 
- development of stable anode and cathode catalysts with a higher catalytic 
activity to accelerate kinetics on both electrodes
- development of improved electrode structures with respect to active surface, 
electrical conductivity and mass transport within the pore system
The first two goals require development of new materials. Despite the fact, that big 
efforts were made in this field since decades, fluorinated polymers like Nafion as a 
membrane material and platinum based catalysts are still state of the art. The 
problem is to find materials which fulfill a couple of physico-chemical properties. The 
development of improved electrode structures is also important, because the 
structural properties are playing a significant role in the performance of fuel cells. 
Moreover, a change of the electrode structure is a straight forward approach, 
because it can be reached by varying the composition and the preparation 
parameters of the electrodes.
When this work started, very little information was existing about the structure and 
properties of DMFC anodes. Therefore, this work is dedicated to the structure / 
properties relationship of DMFC anode catalyst layers. More precisely, thin catalyst 
layers consisting of platinum ruthenium black catalyst and Nafion were object of the 
investigations. Thin catalyst layers based on Pt/Ru black with a thickness of several 
?m have the following advantages in comparison with about tenfold thicker carbon 
supported catalyst layers: 
- the catalyst is concentrated in the electrochemically active zone nearby the 
inonomer membrane, which means a higher activity of the catalyst
- the diffusion length is lower and thus the mass transport is improved
- the electrical conductivity is higher 
The main task was to study the influence of the composition, catalyst loading and 
preparation processing parameters on the structural and physico-chemical properties 
and the performance of DMFC anode catalyst layers. From the relationship of 
structure and properties, valuable information about future development of improved 
anode structures with lower catalyst loadings and higher performance should be 
obtained.
The present work is part of a research project funded by the Deutsche 
Forschungsgemeinschaft (DFG) within the frame of the DFG Schwerpunktprogramm
2Subject of 
investigation
Varied parameter* Investigated
parameter
Method
 Nafion fraction performance quasi-stationary i/E 
curves
  electric conductivity 4-electrode impedance 
spectroscopy
 19-60 vol.% proton conductivity impedance 
spectroscopy + cyclic 
voltammetry
influence of the ionomer 
content
 active surface cyclic voltammetry 
  porosity geometry + physical 
Properties
   standard porosimetry 
   mercury porosimetry 
  microstructure SEM / EDX 
 catalyst loading performance quasi-stationary i/E 
curves
thickness of the catalyst 
layer
0.5 - 6 mg*cm-2 thickness geometry + physical 
Properties
  kinetics software KINFIT + 
experimental data 
 hot-pressing 
temperature
performance quasi-stationary i/E 
curves
 25 - 130°C ohmic resistance impedance 
spectroscopy
pressing conditions pressing force electrochemical 
resistance
impedance
spectroscopy
 0 - 5.6 kN*cm-2 active surface cyclic voltammetry 
 pressing duration porosity geometry + physical 
Properties
 2 - 60 min microstructure SEM / EDX 
Table 1-1: Guide-line of experiments; see also table 4-2 in chapter 4.5.1 
‘Neuartige Schichtstrukturen für Brennstoffzellen’ (‘Novel layer structures for fuel 
cells’).
1.2 Guide-line of experiments 
To study the relationship of structure and properties of DMFC anodes, it is important 
to vary preparation parameters, which are easy to control and which are expected to 
considerably affect the structure and properties of the anode catalyst layers. In this 
work, the Nafion fraction, the catalyst loading and the pressing conditions of the 
anode catalyst layer were chosen as suitable parameters. These parameters 
together with the investigated parameters and the experimental methods are 
summarized in table 1-1. For details concerning the preparation of the catalyst layers 
and the experimental methods, see chapter chapter 3 (‘Analytics’) and 4 (‘Materials 
and Processing’), respectively.
32. Theory 
2.1 Principle of the Direct Methanol Fuel Cell 
The fuel cell is an electrochemical device that converts chemical energy into 
electricity and heat without combustion. Alike batteries, fuel cells contain electrodes, 
an electrolyte and positive and negative terminals. In contrast to batteries, the 
chemical energy is not stored in the cell. Instead of this, the chemical energy in form 
of the fuel and the oxidant are continuously fed to the fuel cell and converted into 
electricity. The process of the conversion continues as long as the fuel and the 
oxidant are fed to the system. All fuel cells have the same basic operating principle 
and structure. As shown in Fig. 2-1, fuel cells consist of an electrolyte material, which 
is sandwiched between two thin porous electrodes, the anode and the cathode. The 
fuel is electrochemically oxidized in the porous anode and the oxidant is 
electrochemically reduced in the cathode. Because the cathode potential established 
by the oxidant reaction is more positive than the anode potential, the electrons 
delivered by the fuel are flowing through an external circuit from the anode to the 
cathode. The electrical current can be utilized by connecting an electrical load. If a 
proton conducting electrolyte is used, the protons formed by the fuel oxidation 
migrate through the electrolyte from the anode to the cathode. At the cathode, the 
protons recombine with oxygen to form water as a reaction product. If a hydrocarbon 
fuel is used, carbon dioxide is formed at the anode. Depending on the fuel, the 
oxidant and the electrolyte, different chemical reactions will occur. In the case of 
Direct Methanol Fuel Cell, the following reactions take place:
 Anode:      CH3OH + H2O ? ?CO2 + 6 H+ + 6 e-   2.1-1 
 Cathode:   3/2 O2 + 6 H+ + 6 e- ? 3 H2O  2.1-2 
                  ________________________________ 
 Summary:  CH3OH + 3/2 O2 ? 2H2O + ?CO2  2.1-3 
Reactions 2.1-1 and 2.1-2 will be discussed in chapter 2.2.4 in more detail. 
Sir William Robert Grove invented the fuel cell in 1842. He constructed cells with 
hydrogen anodes and oxygen cathodes, and he used sulfuric acid as an electrolyte. 
Because Grove’s system had a rather low performance, most of the research in the 
area of electrochemical energy conversion performed in the following 100 years was 
concentrated on primary and secondary batteries.  
In 1930, F.T. Bacon was the first one, who initialized work on a fuel cell with an 
alkaline electrolyte based on KOH. In the fifties of the 20th century, scientists started 
with the development of fuel cells for practical applications. The concept of F. T. 
Bacon was then used in 1952 for the construction of a 5 kW alkaline system for 
space missions. 
4Fig. 2-1   Schematic drawing of the principle of the Direct Methanol Fuel Cell 
In 1959, Willard T. Grubb of General Electric suggested to use a polymeric proton 
exchange membrane as the fuel cell electrolyte [1]. General Electric developed a 
chemically stable membrane based on sulfonated poly(a,h,h-trifluorostyrene). This 
proton exchange membrane was applied in the well known space mission programs 
of Nasa - Gemini / Apollo in the period of 1962 – 64. However, the membrane 
suffered from mechanical degradation. The problem was solved in the mid-1960s by 
DuPont, which developed the Nafion? membrane [2]. This membrane is still state of 
the art today.
Beside hydrogen fed fuel cells with proton exchange membrane, which is used in the 
Direct Methanol Fuel Cells as well, other concepts of fuel cells were developed. Fuel 
cells are usually classified according to the electrolyte used: 
? alkaline solutions (KOH, NaOH),  
? phosphoric acid,  
? solid oxide electrolytes (ceramics),  
? molten carbonate electrolytes 
Fuel cells could be also characterized according to the following features: 
? operating temperatures (high, medium and low temperature fuel cells) 
? fuels (hydrogen, methane, methanol, other hydrocarbon fuels) 
It should be emphasized, that the particular electrolytes attain a sufficient ionic 
conductivity at rather different temperatures, which varies from room temperature to 
1000 °C. Hence, the used electrolyte determines the operation temperature of the 
actual type of fuel cell. An overview is shown in table 2-1: 
CH3OH + H2O
REe
- e-
O2
H2O
R
U
+-
anode    electrolyte   cathode 
Direct Methanol Fuel Cell 
5Electrolyte Fuel Typical operating temperature Known 
since
proton
exchange
membrane
hydrogen,
methanol
T < 130°C, depending on the temperature 
stability of the proton exchange membrane 1959
s
alkaline
solution pure hydrogen 
T < 120°C or ~250°C, depending on the 
pressure and the concentration of the 
electrolyte
1930s
phosphoric acid hydrogen about 200°C 1965th
solid oxide hydrogen,natural gas 
550 – 800°C, with internal reforming T >
800°C 1950
s
molten
carbonate
hydrogen,
hydrocarbons T > 650°C 1965
th
Table 2-1 Overview of different types of fuel cells 
Hydrogen plays an important role as a fuel in all types of fuel cells. However, 
hydrogen has to be generated from hydrocarbon fuels like natural gas, methanol or 
gasoline by a reforming process. Because the reforming process is endothermic and 
requires temperatures of at least 300 °C (methanol) or 600 °C (methane), an external 
reformer has to be used in the case of low temperature fuel cells. In the case of high 
temperature fuel cells like the Solid Oxide Fuel Cell (SOFC) with an operation 
temperature above 800°C, an internal reforming is possible. From this point of view, 
Direct Methanol Fuel Cell (DMFC) is an exception, because the oxidation of the fuel 
directly occurs in the anode, in contrast to the concept of a Polymer Membrane Fuel 
Cell fed by hydrogen (PEFC). For both PEFC and DMFC, a proton exchange 
membrane is applied. This membrane acts like a solid electrolyte with proton 
conductivity. The maximal operation temperature of the membrane (about 130°C) is 
the limiting parameter of the operation temperature of the whole system. Therefore, 
PEFC and DMFC belong to the category of low temperature fuel cells. In the 
following, the Direct Methanol Fuel Cells is described in more detail. 
In the case of DMFC, unlike other types of fuel cells, liquid fuel (aqueous methanol 
solution) is fed to the anode. Moreover, a gaseous phase (carbon dioxide) is 
produced by the anode reaction. Both liquid and gaseous phases have to be 
transported sufficiently fast. Furthermore, a fast proton transport within the ionomer 
phase (membrane, catalyst layer) and a good electrical conductivity of the electrodes 
is required (to understand all phases, see Fig. 2-5b, chapter 2.2). In order to fulfill 
such contradictory requirements, an appropriate design of the fuel cell must be 
applied – in our case multifunctional sandwich composition of layers. This sandwich 
is the so-called Membrane Electrode Assembly (MEA) and it makes the core of a 
DMFC. A schematic cross section of a MEA and the characteristic properties of the 
layers are shown in Fig. 2-2. The MEA consists of
- a proton conducting polymer membrane, which electronically separates the 
electrodes
- porous electrodes (anode and cathode), which both consist of an 
electrochemically active catalyst layer and a so-called backing layer (see Fig. 
2-2).
6Fig. 2-2:   Cross-section of the Membrane Electrode Assembly and function of the components
2.1.1 Proton exchange membrane 
The polymer proton exchange membrane is used as a proton conducting electrolyte 
and it electronically separates the anode from the cathode. In our case, a commercial 
product of the company DuPont with the trademark Nafion®  was used. It is a polymer 
based on a carbon fluorine backbone with side branches, which are containing 
functional sulfonate groups. The main advantages of Nafion are the good chemical 
and mechanical stability and the high ionic conductivity. For more details see chapter 
4.1.
2.1.2 Catalyst layer 
Two concepts are used in the catalyst layer design: 
- Supported catalyst layer, where the catalyst is supported on highly porous 
carbon particles, which provide the electronic conductivity. The state of the art 
catalysts are platinum-ruthenium alloy for the anode reaction and platinum for 
the cathode reaction. The size of the catalyst particles is in the range of 
several nanometers. Besides the carbon supported catalyst, a Nafion phase 
(about 30 wt.%) is used to create proton conducting paths inside the catalyst 
layer and to extend the reaction zone from the membrane surface in the bulk 
of the catalyst layer. Furthermore, Nafion acts as a binder and improves the 
mechanical stability of the catalyst layer. The typical thickness of such a 
catalyst layer is several tenth of micrometers. 
- Unsupported catalyst layer, which is consisting of platinum-ruthenium black 
(Pt-Ru black) in case of the DMFC anode. The Pt-Ru black particles have a 
typical crystallite size of 3 nm and they are somewhat larger than the carbon 
supported Pt-Ru particles with an average size about 2 - 2.5 nm [3]. The Pt-Ru
black particles do not only catalyze the methanol oxidation, but also serve for 
the electronic conductivity. Nafion is also added because of the aforesaid 
reasons, but the Nafion weight fraction is lower, than in the case of the 
supported catalysts (about 7 wt% Nafion). The thickness of the unsupported 
catalyst layers is a factor of 5-6 smaller (about 6??m for the catalyst loading of 
1 mg/cm2).
Backing layers 
? mass transport  
? current distribution 
Nafion membrane 
? proton conductivity 
? electronic insulation 
? ionic/protonic conduction  
Catalyst layers 
? oxidation of CH3OH in the anode 
? reduction of O2 in the cathode 
? transport of electrons and protons 
? mass transport  
7This work was focused onto thin unsupported catalyst layers layers based on Pt-Ru 
black which is due to the reasons already mentioned (see chapter 1.1). In the 
literature, a platinum-ruthenium alloy with an atomic ratio of about 1:1 is reported to 
be the most electroactive catalyst for the methanol oxidation [4,5] and was also used 
in this work. 
2.1.3 Backing layer 
In order to ensure a fast mass transport and a uniform current distribution in the thin 
catalyst layer over the whole surface, a functional layer has to be used between the 
flow field and the catalyst layer. This functional layer is called backing layer and has a 
thickness of about 400 – 500 ?m. The backing layer consists of a thin micro layer 
deposited on a carbon cloth (cloth of carbon fibers to provide electrical conductivity) 
or carbon paper, which is usually impregnated with polytetrafluorethylene (PTFE).
The micro layer consists of highly porous carbon particles and a PTFE network. The 
carbon particles provide electronic conductivity, while the PTFE phase acts as a 
binder and improves the mechanical stability. Moreover, the PTFE particles create 
hydrophobic pores, which are essential for a fast transport of gases. In the case of 
the anode catalyst layer, the hydrophobic pores ensure the transport of gaseous 
methanol into the catalyst layer and the transport of carbon dioxide in the opposite 
direction.
2.1.4 Thermodynamics of the DMFC
A theoretical value of the open circuit voltage of 1.213 V, which should establish 
between the anode and cathode, when no current is flowing through the external 
electrical circuits, can be determined from the thermodynamic data of the methanol 
oxidation. From the affinity of the Gibb’s energy comes 
A = -?G0 = n?F???0 (2.1-4) 
and from that the open circuit potential of the methanol oxidation 
?0DMFC = -?G0 / (n?F) (2.1-5) 
?Gl = -702.4 kJ/mol Gibb’s energy (Higher heating Value, HHV, based on 
liquid water product) 
F = 96480 C Faraday constant
n = 6 number of reacting electrons
The value of the open circuit potential ?0DMFC = 1.213 V is reached just for standard 
conditions – temperature of 298K and a pressure of 100 kPa. Indeed, a somewhat 
lower potential establishes on each electrode under real conditions, according to the 
so-called Nernst equation (see 2.1-6). The cell voltage is then given by the difference 
between the cathode and the anode potentials that depend on the actual activities 
and partial pressures of the species involved in the electrode reaction.
8The establishment of potentials and the cell voltage between the DMFC electrodes 
shows Fig. 2-3. 
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nF
RTEE ?ln0   (2.1-6) 
R = 8.314 J K-1 mol-1 gas constant 
T / K    temperature 
ai = fi ci /co, ai = fi pi /po      dimensionless activity, where fi  is the activity coefficient,
ci /c0 is the normalized concentration and pi /p0 is the 
normalized pressure 
pi / N*m-2   partial pressure of component i 
p0 / N*m-2    standard pressure of component i
ci  / mol*l-1    molar concentration of component i
co / mol*l-1   standard concentration of component i 
?i    molar number 
The Nernst equation for the potential established at the methanol anode has the 
following:
?
2 3
3 3
2
0
66
H O A CH OH A
CH OH CH OH
CO A AH
[a ] [c ]RTE E ln
F [p ] [a ]?
?? ? ?                       (2.1-7) 
The theoretical equilibrium potential for methanol oxidation at the anode can be 
calculated from the free energy of the overall anode reaction (see eq. 2.1-1) knowing 
the standard energies of formation:
2 3 2
0 f f f
l CO CH OH H 0G G G G = -394.4 + 166.6 + 237.1 = 9.3 kJ/mol?? ? ? ? ? ? ?     (2.1-8) 
By using equation 2.1-5 with n = 6, a standard equilibrium potential of
?0CH3OH = 0.016 V
is obtained (see [6]).
The potential, which establishes at the oxygen cathode obeys the following Nernst 
equation:
C
CHCO
OO
OH
a
ap
F
RTEE
][
][][
ln
6 3
62/3
0
2
2
22
????              (2.1-9) 
In analogy to eq. (2.1-8), the standard equilibrium potential for the oxygen reduction 
at the cathode can be calculated:
?0O2 = 1,229 V. 
Because the activity of the water aH2O is unity and the protonic activity in equilibrium 
is equal for anode and cathode, the cell voltage of the DMFC is obtained by 
subtraction of equation 2.1-7 from 2.1-9:
9?
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DMFCOHCHODMFCN p
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F
RTEEEE
][
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6
2
23
32
2/3
0
,
?????                      (2.1-10) 
The theoretical equilibrium cell voltage, i.e. the open circuit potential of the DMFC 
under standard conditions is then ?0DMFC = 1,214 V. 
2.1.5 Kinetics of the DMFC
In section 2.1.4 was discussed establishment of the electrode potentials and the cell 
voltage of a DMFC under equilibrium conditions that means without any flow of 
current. If the DMFC runs under an electrical load, then the electrode potentials and 
the cell voltage depends on the current density passing through the cell. These U/I- 
characteristics are shown in Fig.2-3. 
Fig. 2-3   Establishment of the electrode potentials and the cell voltage in DMFC MEA’s 
It is striking, that the open circuit voltage of the DMFC is only about 0.8 V. This value 
is significantly lower than the value obtained from equation 2.1-10 for standard 
equilibrium conditions (about 1.2 V). As can be calculated from the Nernst equations 
2.1-7, 2.1-9 and 2.1-10, the cell voltage is changed only by some Millivolts, if the 
DMFC is run under typical operation conditions (e.g. T = 80 °C, air atmosphere etc.) 
instead of standard conditions (see section 2.1.4).
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It is rather the cross over of methanol through the Nafion membrane from the anode 
to the cathode, which causes the marked decrease of the open circuit cell voltage. 
The methanol permeation is driven by 2 transport phenomena: 
A) Diffusion: because the anode is fed by methanol, the methanol concentration 
at the anode is higher than that at the cathode. Thus, methanol diffuses from 
the anode to the cathode with a diffusion rate proportional to the methanol 
concentration gradient.
B) Electro-osmotic drag: methanol and water molecules are part of the solvate 
shell of the protons that migrate from the anode to the cathode. Thus, water 
and methanol molecules are ‘dragged’ by the protons. Because the migration 
rate of the protons is proportional to the electrochemical current, the electro-
osmotic drag of methanol increases with rising current density. Under open 
circuit conditions, when no protons are generated at the anode, the methanol 
permeation proceeds solely by diffusion.
The permeated methanol present in the cathode is not only blocking active sites on 
the platinum catalyst which should be available for the oxygen reduction, but also 
establishes a mixed potential at the cathode side much lower than the equilibrium 
potential of the oxygen reaction. As a consequence, the cell voltage decreases 
significantly.
As pointed out by Kauranen and Skou [5], the experimental results of the cathode 
polarization curves can be explained at best by oxygen reduction and methanol 
oxidation, which proceed in parallel on different parts of the Pt surface in the cathode. 
However, intermediates of both partial reactions are mobile due to surface diffusion. 
It turns out, that intermediates of methanol oxidation like CO suppress the partial 
oxygen reduction current due to surface poisoning, whereas the partial methanol 
oxidation current is only slightly affected by the presence of oxygen. According to 
Kauranen and Skou, the surface coverage by CO blocking the active sites for oxygen 
reduction is independent on the electrode potential, whereas the CO coverage at 
sites on which the oxidation of methanol takes place is dependent on the potential. 
The former result can be explained by a chemical reaction of CO with oxygen 
containing surface intermediates from the oxygen reduction reaction, because 
chemical reactions are independent on the electrode potential.
As shown in Fig. 2-4, the formation of a mixed potential at the DMFC cathode can be 
explained by separate current/potential curves of oxygen reduction and methanol 
oxidation. The equilibrium potential of the oxygen reaction, EO2, is determined by the 
oxygen partial pressure at the electro-active sites in the catalyst layer (see Eq. 2.1-9). 
For the sake of simplicity it is assumed that the oxygen partial pressure and thus the 
equilibrium potential is constant. The current/potential curve of oxygen reduction 
typically consists of two parts: an exponential part at low overpotential caused by a 
limited rate of the electrochemical reaction and a limiting current at high overpotential 
due to a mass transport limitation of oxygen.
As shown in Fig. 2-4, the oxygen reduction current decreases, if the methanol 
concentration at the cathode is increased from cMeOH2 to cMeOH1. This is due to the 
blocking of active sites by CO or COH.
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The methanol equilibrium potential of the oxygen reaction, EMeOH, increases with 
increasing methanol concentration (see Eq. 2.1-7) caused by enhanced methanol 
permeation. Furthermore, a higher methanol concentration accelerates the methanol 
oxidation and the current density of methanol oxidation increases, as shown in Fig.2-
4.
The mixed potential can be easily determined by searching the cathode potential, 
where the current density of oxygen reduction equals the current density of methanol 
oxidation. Under this condition, both currents compensate each other and thus no net 
current is flowing through the cathode. It can easily be seen, that
a. the mixed potential is much lower than the equilibrium potential of oxygen 
reaction
b. the mixed potential shifts to more negative values, if the methanol 
concentration increases, i.e. from mix,c2cathodeE to
mix,c1
cathodeE . This is due to accelerated 
methanol oxidation and inhibited oxygen reduction. 
Fig. 2-4   Scheme showing the formation of mixed potentials at the DMFC cathode for different 
methanol concentrations 
If a current flows, additional voltage losses have to be considered. These losses are 
mainly caused by the limited reaction rates at the electrodes and are called 
overpotentials. Furthermore, mass transport limitation and ohmic losses have to be 
taken into consideration. 
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Roughly, the following losses can be distinguished:
a. activation overpotential – caused by the limited rate of the electrochemical 
reactions
b. concentration overpotential – caused by the slow mass transport of the reacting 
agents and reaction products to active sites and back 
c. Ohmic loss – caused by the resistance of the electrical and ionic conducting 
components and contact resistances in the interfaces of the components 
d. mixed potential – as described above, the electro-osmotic drag increases with 
increasing current density. At the same time, the methanol concentration 
difference between anode and cathode diminishes and the diffusion rate of 
methanol decreases. Because the air flow is also enhanced with increasing 
current, it is difficult to predict how the current density affects the ratio of methanol 
and oxygen concentration and the mixed potential at the cathode. The situation is 
even more complex, because the pore structures of the electrodes influence the 
methanol and oxygen transport and thus the actual concentrations of these 
species in the cathode catalyst layer. In any case, intermediates of the methanol 
oxidation block active sites for the oxygen reduction at the cathode, which causes 
an increase of the activation overpotential of oxygen reduction.
The voltage losses could be reduced by the following approaches: 
a. activation overpotential
? development of catalysts with higher catalytic activity per unit of surface 
    area. In case of the methanol oxidation, this means acceleration of
    partial reaction steps like methanol adsorption and the oxidation of CO
    and COH. In case of oxygen reduction, it means methanol tolerance 
    and selective reduction of oxygen.
? extension of the active surface area by modification of the 
nanostructure of the catalyst particles. Generally, the overall surface of 
a certain mass of catalyst particles in a catalyst layer increases with 
decreasing particle size. From this point of view, the catalyst particles 
should be prepared as small as possible. On the other hand, the 
catalyst activity per unit of surface area increases with particle size, 
because the larger particles behave more polycrystalline with a lower 
CO oxidation potential [7]. Furthermore, small particles tend to enlarge 
because of agglomeration or Ostwald ripening. As recently reported by 
Lizcano et al. [8], 3-5 nm seems to be the best compromise in catalyst 
particle size, depending on the preparation procedure, the reaction 
conditions and the catalyst composition. Of course, the particle size has 
to be stable over a period of several thousand hours. 
? increasing number of 2-phase- and 3-phase boundaries, which means 
to enhance the number of electrochemical active sites (see more in 
chapter 2.2): the microstructure of the catalyst layer has to be modified 
in such a way, that a higher fraction of catalyst particles is connected to 
the ion conducting phase (Nafion) and thus is electro-active. However, 
the catalyst surface should not be covered by a thick Nafion layer, i.e. 
the catalyst surface should be easily accessible by reaction agents and 
the transport of reaction products should not be hindered. 
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b. concentration overpotential
? assure conditions for a fast transport of reagents and reaction products 
by tuning of the flow field and diffusion layer,
? sufficient open pore volume in the catalyst layer and diffusion layer, 
? optimal pore structure and pore size distribution in the catalyst layer
? optimal ratio of the hydrophobic / hydrophilic pore fractions, to ensure a 
fast transport of both liquid and gaseous phases within the porous 
electrode
c. Ohmic losses
? usage of materials with higher specific electronic or ionic conductivity, 
respectively,
? preparation of thin layers,  
? lower contact resistances between the different MEA components, e.g. 
by introducing suitable intermediate layers without increasing the overall 
thickness of the MEA
d. mixed potential 
? application of proton conducting membranes with a low methanol 
permeability,
? high utilization of the methanol in the anode catalyst layer, 
? cathode catalyst with selective reduction of oxygen and high methanol 
tolerance
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2.2 Physico-chemical properties of the anode catalyst layer 
The catalyst layer is the electrochemically active part of the fuel cell. Catalyst layers 
are prepared on both sides of the Nafion membrane as parts of the anode and the 
cathode. It is a porous layer, which basically consists of the catalyst and an ionic 
conducting phase like Nafion, which also acts as a binder. Examples of optional 
compounds are carbon particles as catalyst support or PTFE particles as 
hydrophobizing agent. The particular composition is modified in dependence on the 
required properties of the catalyst layer. The catalyst layers used in this work were 
composed of two components: 
1. unsupported catalyst particles consisting of Pt-Ru alloy (atomic ratio Pt:Ru 1:1)
2. Nafion phase made of a Nafion solution
The fuel oxidation on the anode and the oxygen reduction on the cathode take place 
preferentially in the so-called ‘three-phase boundary ‘ (see Fig. 2-5a). The term three-
phase boundary denotes active sites in the catalyst layer, where the following three 
phases are in touch: 
1. electronic conducting phase 
- highly porous carbon – in the case of supported catalysts;
- Pt-Ru or Pt catalyst particles – in both cases, as supported so unsuported 
catalyst;
2. ionic conducting phase (here: soluble Nafion)
3. porous phase – filled by methanol solution and/or by gas (gaseous methanol and
carbon dioxide) 
The essential condition for the electrochemical activity of a catalyst site is the contact 
with both an electronic and ionic conducting phase, which on her part have to be in 
contact with the current collector (backing layer) and the ion exchange membrane 
(e.g. Nafion), respectively. Therefore, the contact with the third phase, the porous 
phase, is not implicitly required and to a certain extent, the electrochemical reactions 
may also take place in the interface of the electronic and ionic conducting phases 
(see Fig.2-5a). However, if catalyst particles are not in touch with the porous phase, 
the reaction educts have to diffuse through the ionomer phase from the pores to the 
catalyst particles and the reaction products have to diffuse in the opposite direction. 
This is especially problematic for gaseous species like oxygen and carbon dioxide, 
which have a limited solubility and diffusion rate in water. It means that the reaction 
rate on the catalyst particles in the interface of the electronic and ionic conducting 
phases is much lower than in the three-phase boundary. Hence, a high-performance 
catalyst layer requires a microstructure with a high number of three-phase
boundaries, a fast transport of reaction educts / products and a sufficient proton and 
electron conductivity.
15
Fig. 2-5a   Schematic cross-section of the anode catalyst layer; 3-phase boundaries 
Due to the aforesaid reasons, the catalyst layer has to fulfill the following 
requirements:
1. presence of hydrophilic pores which enable the transport of aqueous methanol 
solution to active sites and, to a low degree, the removal of the reaction 
product CO2 in the methanol solution 
2. presence of hydrophobic pores which ensure the transport of gaseous 
methanol to active sites and the removal of CO2
3. chains of electronic conducting particles which must be available for the 
transport of electrons from reacting sites to the backing layer 
4. chains of an ion-conducting phase (Nafion) which must be available for the 
transport of protons from reacting sites to the Nafion membrane 
The three phases and the three-phase boundary in the DMFC anode catalyst layer 
including the transport of the different species are schematically shown in Fig. 2-5b. 
Concerning the porous phase, liquid and gaseous phases are distinguished. If a pore 
is filled by either liquid or gaseous species, three-phase boundaries are constituted. If 
both liquid and gas is present in a pore, active sites are constituted, where the 
catalyst particle is in touch with four phases, namely the electronic and ionic 
conducting phase, the liquid phase in the pore and the gaseous phase within the 
pore.
backing
layer
Nafion
membrane
catalyst
particle
Nafion
phase
3-phase boundary 
catalyst layer
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Pt – Ru weight ratio 
wt. % 
Pt – Ru atomic ratio 
at. % 
Specific conductivity 
103*S*cm-1
100 – 0 100 - 0 94.34 
95 – 5 90 - 10 31.75 
90 – 10 83 - 17 23.25 
66 – 34 50 - 50 value not found 
0 – 100 0 - 100 125.00 
Table 2-2: Specific electronic conductivities of Pt, Ru and Pt-Ru alloys at 25°C [10]
Fig. 2-5b   3-phase boundary; scheme of the mass transport 
2.2.1 Electronic conductivity of the catalyst layer 
Two kinds of electronic conducting materials are used in the DMFC:
1. catalyst (e.g. platinum-ruthenium black in the anodes or platinum black in the 
cathodes)
2. carbon support (just in the case of supported catalyst layers) 
In order to ensure a sufficient current distribution within the anode catalyst layer, the 
knowledge of the electrical conductivities of all components is necessary.
The electronic conducting phase in the DMFC anode catalyst layers is the so-called 
platinum-ruthenium black. The expression black means a fine black powder of 
platinum-ruthenium alloy with a high inner surface (e.g. 77 m2/g, Johnson Matthey 
HiSpec 6000, 67 wt% Pt / 33 wt% Ru, [9]). Table 2-2 shows specific electronic bulk 
conductivities of Pt, Ru and Pt-Ru alloys as found in the literature [10].
1. Electronic conducting 
phase
Solid state: catalyst (Pt, Pt-
Ru alloy), carbon 
Function: transport of e-
2. Ionic conducting phase 
Solid state: Nafion, RuO2
Function: transport of
H+ - favorable 
H2O, CH3OH –unfavorable 
Liquid phase:
Function:
Transport of  CH3OH + 
H2O + dissolved CO2
Gaseous phase:
Function: transport of
CO2 + evaporated 
CH3OH
3. Porous 
phase
3 phase boundary 
– active site 
e-
anode
cathode
H+
cathode
CO2
CH3OH
H2O
anode
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The typical atomic ratio of Pt-Ru catalyst used for the DMFC is 1:1 (50:50 at%), 
because it provides the best catalytic activity with respect to methanol oxidation. For 
literature and more details concerning the composition of Pt-Ru catalysts see chapter 
5.5. Unfortunately, the value of specific conductivity for Pt-Ru (1:1 at.%) could not be 
found in the literature [10] and in others as well. Because the curve of the specific 
conductivity vs. composition is known to be continuous and aquiline, the specific 
conductivity for Pt-Ru (1:1 at.%) should be in the range of 15 * 103 - 25 * 103 S/cm. 
This value is about 5 orders of magnitude higher than the specific conductivity of 
Nafion.
However, the electronic conductivity of the catalyst layer does not only depend on the 
specific conductivity of the Pt/Ru catalyst, but also on the porosity, tortuosity and the 
composition of the catalyst layer. Additionally, ruthenium forms surface oxy-hydroxide 
(RuO2?xH2O) or oxide (RuO2), which oxidize CO or COH intermediates to CO2. The 
specific electrical conductivities of RuO2?xH2O and anhydrous RuO2 (respectively 46 
S/cm and 71 S/cm, [11]) are about 3-4 orders of magnitude lower than the values of 
Pt/Ru metals and alloys shown in table 2-2. Therefore, a precise calculation of the 
specific electronic conductivity of the catalyst layer requires the exact knowledge of 
the specific data of the materials, the composition and structure of the catalyst layer. 
More easily, the specific electronic conductivity of the catalyst layer can be 
determined by measuring the electrical resistance considering the geometry of the 
layer:
1
e
d
R A
? ? ? ? ?   (2.2-2) 
?e  specific electronic conductivity; [S*cm-1]
?  specific electrical conductivity; [S*cm-1]
R  electrical resistance of the layer; [?]
d  average thickness of the layer; [cm] 
A  geometrical surface of the layer; [cm2]
The specific electrical conductivity, ?, is the sum of the specific electronic 
conductivity, ?e, and the proton conductivity, ?p. Because ?e is several orders of 
magnitude higher than ?p, ?e is approximately identically to ?. (see chapter 5.1.5).
2.2.2 Proton conductivity of the catalyst layer 
In order to extend the reaction zone from the membrane / electrode interface into the 
bulk of the catalyst layer, a proton conducting polymer phase is prepared in the 
catalyst layer. If only electronic conducting catalyst particles were used, the 3-phase 
boundary were exclusively located in close vicinity to the proton conducting 
membrane. The extension of the active sites into the bulk of the catalyst layer is 
schematically shown in Fig. 2.6-a.
18
Several concepts of such proton conducting polymers have been investigated in last 
years intensively and perspective materials have been found, notably fluorinated, 
sulfonated, phosphonated and imizadol containing polymers [12]. One of the 
commercially available materials is Nafion®, a perfluorinated ionomer consisting of a 
perfluoroalkyl side chain and a perfluoro alkyl ether side chain with a sulfonic acid 
group at its end. These proton-conducting polymers show a good performance when 
being applied as proton-conducting phase in the catalyst layer and as a membrane. 
For more details about the properties of Nafion see chapter 4.1.1. 
For the protonic conductivity in Nafion two kinds of transport mechanisms are 
responsible:
a) hopping of the proton H+ between the side chains SO3- of the fluorocarbon 
backbone [13] 
b) transfer from a polarized water molecule H3O+ to a neighbor water 
molecule H2O via a hydrogen-bridge (see Fig. 2-6 b ), known as Grotthus 
mechanism
The activation energy of mechanism a) is four times higher (Ea = 0.4 eV) than the 
activation energy of mechanism b) (Ea = 0.1 eV). The conductivity caused by the 
polarization of water molecules amounts to about 90 % of the overall proton 
conductivity [14]. It has to be mentioned, that water plays a quite important role in the 
proton conductivity of Nafion and therefore, Nafion provides sufficient proton 
conductivity only in the wet state. 
Fig. 2-6:  a) Extension of the active zone by adding proton conducting polymer to the catalyst 
layer;
b) Grotthus proton conductivity model 
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An important parameter in the characterization of catalyst layers is the proton 
conductivity of the Nafion phase. The knowledge of the proton conductivity is also 
essential for the determination of another important parameter – the penetration 
depth, which helps us to suggest an optimal thickness of the catalyst layer and thus 
the catalyst loading, which plays a significant role in the reduction of the expensive 
noble metal. The penetration depth will be discussed in chapter 2.2.3. 
In contrast to the Nafion membrane, the proton conductivity of the catalyst layer is 
difficult to determine. This is caused by the fact, that the electronic and protonic 
conductivities of the catalyst layer cannot easily be separated. More precisely, 
pseudo capacitances in the interface of the noble metal catalyst and the Nafion 
phase inside the catalyst layer enable the flow of an AC electronic current. Hence, 
conductivity measurements with electronically blocking contacts yield apparent 
proton conductivities that are much higher than the real values expected. 
In the literature, different methods are proposed to determine the proton conductivity 
of catalyst layers. T.E. Springer et al. [15] have substituted the electronically 
conducting catalyst by silica. The advantage of this ‘model catalyst layer’ is the 
elimination of capacitive effects. This prevents a masking of the proton conductivity 
by electronic conductivity. However, the problem of this method is that the 
microstructure of the Nafion phase in a real catalyst layer is probably not the same 
like in the model layer. Thus, the method of Springer et al. only yields approximate 
values. A second method reported in the literature is based on the –well known- 
specific conductivity of the Nafion membrane in combination with an approximated 
volume fraction of the Nafion phase within the catalyst layer [16-18]. This method is 
simple, but it tends to yield overestimated values of the proton conductivity, because 
it does not consider the microstructure, e.g. the tortuousity of the Nafion phase. A 
more sophisticated method was developed by C. Boyer et al. [19]. They perform cell 
voltage / current measurements with a modified membrane electrode assembly: 
instead of a single Nafion membrane, two membranes are used. Furthermore, these 
authors introduce a copy of the active catalyst layer, which is called ‘inactive catalyst 
layer’. This layer is electrochemically inactive, because it is sandwiched between the 
two Nafion membranes and it causes an additional, protonic resistance. By varying 
the thickness respectively loading of the inactive layer, the additional protonic 
resistance can be determined from the slopes of the cell voltage / current 
characteristics. Despite the fact, that the method of Boyer et al. is indirect, because it 
does not measure the conductivity of the electro-active layer, it seems to be more 
reliable than the other methods. However, the obtained conductivity data are higher 
than expected especially at lower volume fractions of Nafion. Boyer et al. explain this 
result by a transport of protons on the surface of the carbon support.
In this work, a novel method is developed to determine the proton conductivity of 
DMFC anode catalyst layers. This method is based on the assumption that the high 
frequency part of the impedance spectra of a composite material is dominated by 
ionic transport and double layer charging. In this case, a straight line at a 45°– angle 
is observed in the high-frequency limit [20, 21, 22]. The complex impedance of 
composite layers or porous systems, with both ionic and electronic conducting 
phases, can be described by a ‘transmission line’ equivalent circuit (see Fig. 2-7).
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Fig. 2-7:  Two-dimensional model circuit of a transmission line
Eikerling and Kornyshev [21] have used the transmission line circuit as part of a 
macro homogenous model, from which analytical expressions were derived for the 
electrochemical impedance of the PEMFC cathode catalyst layer. In this work, the 
transmission line equivalent circuit is adapted for the situation of the DMFC anode 
catalyst layer. It is assumed, that the catalyst layer can be described as a network 
consisting of elementary units with a thickness le (the gray marked element in Fig. 2-
7), which consist of four different parameters: 
- electronic resistance Rel, representing the conductivity of the Pt-Ru catalyst 
- proton resistance Rp, representing the conductivity of the Nafion phase 
- resistance of methanol oxidation RMeOH, representing the kinetics of methanol 
oxidation
- pseudo double layer capacitance Cpdl, representing the capacitive behavior of the 
Pt-Ru / Nafion interface, including adsorbed intermediates of methanol oxidation 
In comparison with the transmission line equivalent circuit presented in [21], the 
charge transfer resistance Rct, is replaced by the resistance of methanol oxidation 
RMeOH, because instead of the charge transfer reaction, the adsorption/dissociation of 
methanol and the oxidation of adsorbed intermediates like CO or COH are the rate 
determining steps of methanol oxidation. Furthermore, the double layer capacitance, 
Cdl, is substituted by a pseudo double layer capacitance, Cpdl. This is necessary 
because of the high coverage of the catalyst surface with adsorbed intermediates 
(MeOHad, COad, COHad, OHad etc.).
Rp
R Cpdl
H+
e-
MeOH
Re
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Following [21], the four parameters can be related to average macroscopic 
parameters, if the number of the elementary units tends to infinity: 
p
e
p ?
lR ?   2.2-3 
e
*
app
MeOH  l i
 lb
R
2
?   2.2-4 
MeOHpel RRR ???
?
 lS? ?C edlpdl 0?  2.2-5 
Rp  protonic resistance 
Rel  electronic resistance 
RMeOH resistance of methanol oxidation 
Cpdl  pseudo double layer capacitance 
le  thickness of an elementary unit 
l  thickness of the anode catalyst layer 
?? ? thickness of the double layer 
bapp  apparent tafel slope 
i*  exchange current density of methanol oxidation 
Sdl  specific surface of the Nafion / Pt-Ru interface  
? Ң dielectric constant of the interface of Nafion phase and catalyst in the 
catalyst layer 
?0  dielectric constant of vacuum 
?p  specific protonic conductivity 
According to the theory described in [21], the Nyquist plots of the impedance should 
feature a linear slope at frequencies higher than the so-called ‘characteristic 
frequency’, i.e. ? ?? ?c. In the case of the methanol oxidation, the characteristic 
frequency is then defined as 
pdlMeOH
C CR ??
1?   2.2-6 
The linear slope can be determined according to 
? ?i
C
R
Z
pdl
p ?? ? 1
2
22/1?   2.2-7 
pdl
p
pdl
p
C
R
K
C
R
Z ??? ? 2/1?   2.2-8 
Z  complex impedance [?*cm2]
?? ? frequency of harmonic signal [Hz] 
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As can be seen from equation 2.2-8, the slope yields the ratio of the protonic 
resistance and the pseudo double layer capacitance. Hence, the protonic resistance 
of the catalyst layer can be determined, if the pseudo double layer capacitance is 
known. The pseudo double layer capacitance can be obtained from the capacitive 
charging current of cyclic voltammograms of the methanol oxidation, according to 
1?
??
???
?
?
???
t
EjC pdlPDL   2.2-9 
jpdl    pseudo capacitive charging current 
?E/?t  scan rate 
The specific proton conductivity of the catalyst is calculated from equation 2.2-10: 
p
p   RA
d? ??   2.2-10 
d  average thickness of the catalyst layer (cm) 
A  geometric surface of the catalyst layer (1.77 cm²) 
Also other methods of the proton conductivity characterization are described in 
literature, i.e. C. Boyer et al [19] and Bruggeman [24].
Following C. Boyer et al. [19], the specific proton conductivity of the catalyst layer is 
correlated with the specific proton conductivity of Nafion by the following empirical 
equation:
Nafion
n
p ??? ??   2.2-11 
?   volume fraction of the ionomer phase in the catalyst layer, e.g. ? = 0.1
   at 10 vol.% Nafion  
n  exponent depending on the tortuosity (microstructure) of the ionomer 
                      phase 
?Nafion  specific proton conductivity of Nafion, i.e. 0.10 S/cm at 25 °C,  
                      0.12 S/cm at 40 °C and 0.20 S/cm at 80 °C. 
The exponent n is of particular interest, because it reflects the microstructure (e.g. 
the tortuosity) of the ionomer phase. Typical values of the exponent n are in a range 
of 1.2 to 4.5 [19, 23, 24].
From the theory of Bruggeman [24], the following equation is obtained: 
1.5
P,Bruggeman Nafion Nafionn
1?  =   ?   = ? ?
1-?1+ ?
? ?? ?? ?
                2.2-12 
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Here, the exponent equals 1.5. Boyer et al. have presented n values close to unity, 
which suggests an ionomer phase without any tortuosity. The authors explain this 
unexpected result by an additional conductivity due to transport of protons on the 
surface of the carbon support. 
The theory of the electrochemical impedance in [21] was developed for the process 
of oxygen reduction in PEFC cathodes. However, the impedance spectra of methanol 
oxidation also exhibit a linear slope at high frequencies, as will be shown in chapter 
5.1.5. Under certain conditions, the new method presented here is also applicable to 
determine the ion conductivity of other electro-active layers with a composite 
structure including ionic and electronic conducting phases. These conditions are:
- In the high frequency limit of the impedance spectra, the overall electrode 
response has to be dominated by double layer charging and ion transport. 
- The electro-active layer has to be represented by a RC-transmission line 
equivalent circuit, without branching or fractality of the network.
- no inductivities or other disturbances originating from the measuring set-up may 
mask or falsify the high frequency impedance signal. 
The new method allows one to determine the ionic (here: protonic) conductivity of 
composite (here: DMFC anode catalyst) layers in-situ under practical operation 
conditions. This is clearly an advantage compared to the other methods discussed 
above and makes this method especially valuable.
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2.2.3 Penetration depth 
The electrochemical current density in the catalyst layer is not uniform. It is highest at 
the interface Nafion membrane / catalyst layer and it decreases with increasing 
distance from the membrane into the bulk of the catalyst. This situation is described 
in Fig. 2-8, where the electrochemical current density, jEC, is plotted in dependence 
on the distance from the Nafion surface, x.
Fig. 2-8:   Scheme of the Nafion membrane / catalyst layer interface including the electrochemical 
current density, jEC, vs. distance from the Nafion surface, x. Penetration depths ?? and ?? are 
shown for less and more active zones.
As mentioned in chapter 2.2.2, Nafion colloid particles are added to the catalyst layer 
in order to extend the electro-active area from the interface into the bulk. The 
extension of the electro-active area is caused by a penetration of the electric field into 
the catalyst layer and is limited by the penetration depth, ?. According to [25], the 
penetration depth depends on the specific proton conductivity, ?H+ / S*cm-1, and the 
electrochemical volume resistance, Ri / ?*cm3, as follows: 
iH R?? ???   2.2-12 
Equation 2.2-12 implies, that the electronic conductivity is several orders of 
magnitude higher than the protonic conductivity of the catalyst layer and the overall 
conductivity equals the electronic conductivity [25]. This is the case, as shown in 
chapter 5.1.5.
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Fig. 2-9: Determination of the ohmic resistance, RE  and the electrochemical resistance RECH from 
impedance
The procedure of the determination of the specific proton conductivity, ?H+, was 
described in chapter 2.2.2. The electrochemical volume resistance, Ri , can be easily 
obtained from impedance spectra, as electrochemical resistance RECH, multiplied by 
the thickness of the layer, d (see Fig. 2-9).
One can expect that the appropriate thickness of the catalyst layer should be similar 
to the penetration depth, because the part of the layer, which is thicker than the 
penetration depth were located in the less active zone and thus redundant. If we 
assume a linear correlation between the thickness and the loading of the catalyst at a 
constant composition of the catalyst layer, the optimal catalyst loading should be 
obtained from the thickness, which is equal to the penetration depth.
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2.2.4 Electrochemical reactions 
Oxidation of the methanol on the anode
My attention has been paid to the oxidation mechanism occurring on the binary Pt-Ru 
alloy, which can be considered as state-of-the-art candidate for practical fuel cell use
[26, 27]. It is commonly agreed, that ruthenium enhances the rate of the methanol 
electro-oxidation by supplying a surface oxide or other oxygen-containing species at 
lower potential than on pure Pt [28, 29]. 
On the anode, a quite complex oxidation process takes place. The result of the 
overall  oxidation process is described by the following reaction:
CH3OH + H2O ? ?CO2 + 6 H+ + 6 e- (2.2-13) 
Reaction 2.2-13 proceeds in several steps, as described by Kauranen et al. [5, 30].
Methanol and water diffuse to active reaction sites, where a destructive adsorption 
occurs. The first steps are stepwise stripping of the methyl hydrogen and adsorption 
of carboxyl intermediates like CO ads, COHads and CH3OHads, on catalyst sites.
CH3OH ? Pt-CH2OHads + Hads   (2.2-14)  
Pt-CH2OHads ? Pt2=CH-OH + Hads   (2.2-15) 
Pt2=CH-OH ? Pt3ŁC-OH + Hads (2.2-16) 
Pt3ŁC-OH ? COads + Hads  (2.2-17) 
The removal of the first hydrogen atom (reaction 2.2-14) is regarded as a rate-
determining step, whereas the following two reactions steps (2.2-15 and 2.2-16) are 
fast. The removal of the last hydrogen atom is a slow step and the intermediates 
COads and COHads are formed on the catalyst surface. While the adsorbed hydrogen 
Hads is rapidly oxidized to protons H+ above 0.4V / RHE, the carbon monoxide and 
carboxyl intermediates COads are rather strong adsorbed to Pt sites, which are 
therefore blocked for further adsorption of methanol. They can be removed only at 
more positive potentials by a reaction with adsorbed hydroxyl groups OHads, which 
are formed according to the reactions: 
Hads ļ H+ +  e-  (2.2-18)  
H2O ļ OHads + H+ + e- (2.2-19)  
While hydrogen is reversibly adsorbed on the Pt active sites in the hydrogen region 
below 0.4V / RHE, hydroxyl groups are reversibly adsorbed at the oxide region above 
0.8V / RHE. Because ruthenium is less noble than platinum, it is oxidized at lower 
potentials. The oxygen species chemisorbed on the ruthenium surface facilitate the 
adsorption of hydroxyl groups at lower potentials than 0.8 V / RHE. 
Kauranen also suggests [5], that in the case of the pure Pt catalyst, the strongly 
adsorbed CO forms passive CO "islands" on the platinum surface. However, the 
oxidation of CO does not only proceed at the edges of the islands, because surface 
defects and crystal edges break the CO islands and thus facilitate the adsorption of 
water and further adsorption of methanol. Regarding Pt-Ru catalysts it is assumed, 
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that atoms of ruthenium are modifying the crystal structure of Pt, which helps to break 
the passive CO islands [30]. Due to an interaction of neighboring adsorbed carboxyl 
and hydroxyl species, carboxyl groups are removed from the surface and thus the 
active surface is again free for further adsorption of methanol, according to the 
reactions:
Pt3ŁC-OH + OHads ? COads +  H2O  (2.2-20)  
COads +  OHads ? Pt-COOH (2.2-21) 
Pt-COOH + OHads ? CO2? + H2O (2.2-22) 
The reaction mechanism can be summarized as the dehydrogenation of methanol 
through reactions (2.2-14 to 2.2-17) to COH and CO, and the oxidative removal of the 
adsorbates by reactions (2.2-20 to 2.2-22). The rate-determining steps are reaction 
(2.2-14) in the dehydrogenation sequence and the reaction (2.2-21) or (2.2-22) in the 
removal sequence. 
The presence of the ruthenium co-catalyst is significant for the removal of carboxyl 
species, which are blocking active sites on the platinum surface. Many other co-
catalysts have been proposed, including Mo [31], Bi [32], Sn [33], Co [34], Re, Ti, Zr, 
Nb, Ta [35] and others. None of these co-catalysts provides the catalyzing effect of 
ruthenium towards anodic oxidation of methanol.
In our case, only commercial Pt-Ru alloy with an atomic ratio of 1:1 was used. 
However, none of the reaction mechanisms discussed in the literature [26, 27, 28, 29] 
is able to describe the kinetics of methanol oxidation at high overpotentials, where a 
current maximum is observed. Therefore, a new reaction mechanism (here described 
as mechanism ‘B’) is proposed, which is not in contradiction to the mechanisms 
presented in the literature [26, 27, 28, 29], but which includes two additional reaction 
steps including a second adsorbed oxygen species, Oad:
Ru-OH ? Ru-Oads + H+ + e- (2.2-23) 
Pt-COads +  Ru-Oads ? CO2? (2.2-24) 
The reaction step (2.2-23) takes place on the ruthenium surface and the reaction step 
(2.2-24) on the interface of the ruthenium and platinum surface. Following this 
assumption, step (2.2-23) is the oxidation of ruthenium hydroxide to ruthenium oxide 
and step (2.2-24) is the oxidation of CO by ruthenium oxide. In contrast to 
conventional mechanism ‘A’ described in the literature [26, 27, 28, 29], the second 
mechanism ‘B’ allows two parallel reaction paths. This means, that COad can be 
oxidized whether by OHad (equations 2.2-21 and 2.2-22) or Oad (steps 2.2-24).
The experimental data, here current/potential curves for different loadings, where 
fitted by means of the KINFIT software [36]. The fit results based on mechanism ‘B’ 
were compared with fit results obtained with a conventional mechanism ‘A’ as 
proposed by Kauranen (see eq. 2.2-14 to 2.2-22). A detailed description of the 
reaction mechanisms and the mathematical model of Harrington and Conway [16] 
used for the software KINFIT can be found in the supplement A.
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Reduction of the oxygen on the cathode
Reduction of oxygen and the production of water take place on the cathode (see 
eq. 2.2-23). 
3/2 O2 + 6 H+ + 6 e- ? ?3 H2O  (2.2-23)  
Oxygen (or air) is supplied to the cathode. The oxygen molecules are adsorbed on 
the active catalyst sites.
3/2 O2 ? 3/2 O2,ads (2.2-24) 
Then, adsorbed oxygen reacts at the three-phase boundary with the protons.
3/2 O2, ads + 3/2 H+ + 3/2 e- ? 3/2 O2H ads (2.2-25)  
As stated by Kauranen and Skou [5], it is commonly agreed that the oxygen 
reduction proceeds without formation of a surface peroxide on Pt: 
3/2 O2H ads + 9/2 H+ + 9/2 e- ? 3 H2O  (2.2-25)  
Reaction 2.2-25 is regarded as the rate-determining step of the oxygen reduction. 
However, the mechanism is still not fully understood [5]. Because the main focus of 
the thesis is the DMFC anode, the kinetics of the cathode will not be further 
discussed.
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3. Analytics 
3.1 Electrochemical measurements 
Two different systems were designed and verified for electrochemical measurements. 
A system with model electrodes and a system designed for membrane electrode 
assembly.
3.1.1 Model electrode apparatus for electrochemical measurements 
Half-cell electrochemical measurements were performed in a thermostatic vessel, 
which was filled with an electrolyte of  H2SO4 and solution of CH3OH. The 
concentration of methanol, electrolyte and temperature were varied.
A model electrode concept was used: a standard glassy–carbon disc served as a 
carrier for the catalyst layer, which was sprayed on to it. Pure Pt-plate served as a 
counter electrode and mercury / mercury sulfate reference electrode was used. The 
reference potential was calibrated for the scale of applied temperatures. The 
measuring apparatus shows Fig. 3-1. 
Fig. 3-1:   Model electrode measuring system
3.1.2 Half-cell measuring apparatus for Membrane Electrode Assembly 
investigation
The Membrane Electrode Assembly is the commonly used design in the DMFC 
applications (for details see chapter 4.5 Processing-Preparation of MEA´s). We have 
built a measuring system for experiments performed with MEA’s in order the get a 
reasonable comparison with real fuel cells. Our measuring apparatus was designed 
in order to perform half-cell measurements and to separate effects occurring on the 
anode from the cathode. The principle of the measuring apparatus shows Fig. 3-2. 
reference electrode 
(Hg / Hg2SO4)
electrolyte solution 
0-1 mol H2SO4 + 0-1 mol CH3OH
counter electrode 
(Pt   plate) 
working electrode 
(glassy-carbon + Pt/Ru) 
argon
heating water 
outlet
heating water 
input
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Fig. 3-2:   The Membrane Electrode Assembly measuring apparatus 
The Membrane Electrode Assembly (1.77cm2, see Fig. 4-2) is placed between two 
chambers. The anode chamber was supplied with an aqueous solution of methanol 
and the cathode chamber was filled with water, which was saturated by hydrogen. 
Both liquids were pumped from 2 tempered vessels to the electrode chambers and 
backwards with a rate of 200 ml/min, which was several orders of magnitude higher, 
than is the consumption of methanol in the anode, to prevent overpotentials, caused 
by mass transport limitations.
The electrode potential was measured vs. the reference potential of the hydrogen 
reaction established at the ring (and the counter electrode), i.e. the reference 
potential was very close to the potential of reference hydrogen electrode (± 5 mV). 
The accuracy of the reference potential was affected by the actual amount of 
hydrogen dissolved in water. This problem was solved by application of a small 
external current of 57 ?A/cm². The current causes the evolution of a small, but 
constant amount of hydrogen. The polarization of the reference electrode is 
negligible, but the hydrogen concentration at the reference electrode and thus the 
reference potential is stabilized (for details see chapter 5.4 and Fig. 5.4.-1) 
3.1.3  Apparatus for single cell measurements 
MEA’s with the composition of the anode catalyst layers resulting from the half-cell 
experiments (37 Vol.% Nafion) and with an electrode area of 20 cm² were prepared 
and characterized by single cell experiments, i.e. cell voltage/current-characteristics. 
The test cell used for these experiments is shown in Fig. 4-2, capture 4.5. The square 
shaped MEA (see Fig. 3-7) was placed between two plates of titanium, which were 
left at a constant temperature by a heating segment. The flow field had a grid design 
with a channel geometry of 1x1x1mm3. The anode side was supplied with an 
aqueous solution of methanol and the cathode with oxygen or air. The methanol 
stoichiometry factor, ?MeOH,  was always 4 and the air stoichiometry factor, ?air, was 
set to 4 or 10, respectively. 
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3.1.4   Methods
The kinetics of methanol oxidation were studied by recording quasi-stationary
current/potential curves (scan rate: 0.5 mV/s) and impedance spectra (amplitude: 
10 mV). 
The impedance spectra were recorded and used for the current-resistance (iR) 
correction of ohmic drop on the anode and for the determination of the proton 
conductivity and the electrochemical resistance. All the measuring conditions are 
listed in table 3-1.
The quasi-stationary current-potential measurements and the cyclic voltammetry 
were carried out by means of an ‚EG&G PAR 273 A‘ potentiostat. The current 
limitation of the potentiostat is 1 A. For a geometric electrode area of 1.77 cm², this 
corresponds to a maximum current density of 565 mA/cm².  A ‚Schlumberger
Solartron 1255‘ frequency response analyzer was used to measure the impedance 
spectra. The experiments were run with ‚CorrView‘ and ‚Zplot‘ Software from 
Scribner, Assoc.. All the anode potentials presented in this work are corrected by the 
ohmic drop.
Measurements Conditions(E, dE/dt, T, f, c) Obtained parameters Devices 
Quasi-stationary
I/U-curves 
(0-0.9)V, 0.5 mV/s,
(30-80)°C, 0.01-1M/lit. 
CH3OH
anode performance, 
activation energy 
reaction order 
potentiostat EG&G 
PAR ‚273 A‘ 
Cyclic
voltammograms
(0-0.9)V, 20 mV/s,
(30-80)°C, 0.01-1M/lit. 
CH3OH
active surface area, 
pseudo double layer capacitance potentiostat EG&GPAR ‚273 A‘ 
Impedance spectra 
DC: (0.3-0.5)V, 
AC:10mV
f = 0.01Hz - 65kHz 
(30-80)°C, 1M CH3OH
electrical resistance incl. contact 
resistances,
electrochemical resistance, 
proton conductivity 
frequency response 
analyzer Schlumberger 
Solartron ‚1255‘ 
Table 3-1: Electrochemical investigations 
From cyclic voltammograms, charges of hydrogen desorption are calculated as 
shown in Fig.3-4:
At first, the overall charge, Q*, in the potential range of hydrogen adsorption 
(approximately 0 – 0.3 V) is calculated by integration of the area under the hydrogen 
desorption peak in a software CorrView. After that, the capacitive charge, Qc, which 
is caused by the pseudo-capacitance of the Pt-Ru/Nafion interface, is subtracted (see 
Fig.3-4).  From the residual charge, QH, the area of the Pt surface and the coverage 
of methanol respectively intermediates are determined by the following equations: 
APt = QH [mC/cm²] / 0.22 [mC/cm²] 3.1-1
H
OHCHHH
R Q
QQ
3,
???   3.1-2 
Measurements Conditions(E, dE/dt, , f, ) t ined parameters Devices 
Quasi-s ationary
I/U-curves 
(0-0.9)V, 0.5 / ,
(30-80)°C, 0.01- /li
CH3OH
 rfor ance, 
ti  energy 
ti  rder 
potentiostat EG&G 
PAR ‚273 A‘ 
Cy lic
volta mograms
(0-0.9)V, 20 / ,
(30-80)°C, 0.01- /lit. 
CH3OH
 rface area, 
 ouble layer capacitance potentiostat EG&GPAR ‚273 A‘ 
Impedance spectra 
DC: (0.3-0.5)V, 
AC:10mV
f = 0.01Hz - 65kHz 
(30-80)°C, 1M CH3OH
electrical resistance incl. contact 
resistances,
electrochemical resistance, 
proton conductivity 
frequency response 
analyzer Schlumberger 
Solartron ‚1255‘ 
Table 3-1: Electrochemical investigations 
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APt    dimensionless value of the area of platinum normalized to 1 cm² 
of the
    geometrical surface of the electrode 
QH [mC/cm²]  charge of hydrogen desorption in 1 M H2SO4
0.22 [mC/cm²] theoretical charge of hydrogen adsorption on 1 cm2 of a smooth 
platinum
surface, ?H = 1
?R    surface coverage of methanol and intermediates 
QH,CH3OH  charge of hydrogen desorption in 1 M H2SO4 + methanol 
Fig. 3-4:    Calculation of the charge of hydrogen desorption on platinum from a cyclic 
voltammogram
As in the case of quasi-stationary current/potential curves, an external source of 
small current was used to stabilize the reference potential (for details see chapter 5.4 
and Fig. 5.4.-1). 
33
3.2 Electronic conductivity measurements
The catalyst layers used for the measurements of electrical conductivity had the 
same composition like the anode catalyst layers prepared as a part of the MEA’s
(see table 4-2, chapter 4.5.1). As can be seen from Fig. 3-5, instead of the MEA, a 
different design has to be used to measure the electronic resistance of the catalyst 
layer:
At first, the electrical resistance was measured in-plane instead of through-plane. 
This is necessary, because the through-plane resistance of the catalyst layers used 
in this work is less than 100 ??. This value is about two orders of magnitude below 
the measuring limit of impedance spectroscopy. On the contrary, resistances in the 
order of several hundred Ohms are obtained, if the resistance is measured in-plane 
with the stripe geometry shown in Fig.3-5. Such values can be measured precisely by 
means of impedance spectroscopy.
Secondly, the catalyst layers used for the in-plane resistance measurements were 
prepared on an electronically isolating substrate (here: PTFE) instead of the backing 
layer. In the latter case, the a.c. current would preferentially flow through the thick 
and electronically conducting backing layer. Thus, the backing layer would short-cut 
the in-plane resistance of the catalyst layer. 
Of course, the properties of the supporting layers differ: PTFE is non-porous and 
hydrophobic, the backing layer is porous and both hydrophobic and hydrophilic. 
These differences will preferentially affect the properties of the catalyst layer nearby 
the supporting layer in the wet state, but less affect the bulk conductivity of the 
catalyst layer, which is expected to be same like in dry so in the wet state.
The samples were prepared as follows: Firstly, the catalyst ink consisting of Pt/Ru 
black and Nafion solution was sprayed onto a PTFE blank. After that, the catalyst 
layers were hot-pressed with a typical pressing force of 0.5 kN / cm2 and a hot-
pressing temperature of 130 °C.
The electrical conductivity of the catalyst layers was determined by four electrode 
impedance spectroscopy [37]. The Nafion fraction in the catalyst layers was varied 
from 19-60 vol.%. For each composition, three samples were prepared and 
measured. After spraying onto a PTFE foil, the catalyst layers were weighed to 
determine the loading. Then, three stripes for each Nafion content were cut. The 
geometry of the samples is shown in Fig.3-5. From the difference of the thickness of 
the PTFE foil (ca. 250 mm) and the thickness of the stripes with the catalyst layer 
deposited (ca. 270 mm), the thickness of the catalyst layers (typically about 20 mm) 
and thus the volume could be determined. The catalyst layers were contacted on the 
top side by four electrodes (Pt wires) in regular distances (20 mm). All the impedance 
measurements were carried out at room temperature, by an air humidity of 40%. 
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catalyst
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d ? 20 ?mTeflon  blank
U
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top view
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Pt wire
?
?
20 mm
Fig 3-5:   Geometry of the samples used for the 4 point impedance measurements of the 
electrical conductivity 
In order to achieve good reproducibility of the measurement, a careful preparation is 
necessary. Especially, the precise cutting of the stripes and spraying of a uniform 
thickness of the layer are critical treatments affecting the reproducibility of the 
measurements. The thickness of the layer is a parameter which limits the highest 
reached inaccuracy of the method (approx. ± 10 %). Therefore, 5 samples for every 
composition were prepared. The thickness of the each sample was measured 3 times 
at 3 places and an average thickness was calculated.
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3.3 Porosimetry measurements 
The porosimetric properties of the catalyst layers to be investigated are porosity 
(open and closed), pore size distribution and the fraction of hydrophilic and 
hydrophobic pores. The methods used for the porosimetric measurements are 
summarized in table 3-3. In the following, the methods are described in detail. 
Furthermore, the specific advantages and disadvantages of these methods with 
respect to the properties to be determined are discussed. 
Table 3-2 Overview of the methods used for the determination of porosimetric data 
3.3.1   Determination of the porosity from the geometry, weight and the density 
This method allows one to easily determinate the overall porosity of the catalyst layer 
including the closed pores. The accuracy of the method is limited by the uneven 
thickness of the catalyst layer (? 10%).
From the geometry of the catalyst layer and the weight and specific density of the 
components, we can calculate the overall porosity according to the equation: 
%100)1(
.
2 ??????
LayerCat
NafionRuORuPt
V
VVVV
Porosity 3.3-1
where the volume of the catalyst layer is calculated from:
dAV LayerCat ??.    3.3.-2 
A geometrical surface of the electrode 
d thickness of the catalyst layer 
Determination of
Method porosity pore size 
distribution
fraction of hydrophilic / 
hydrophobic pores 
remarks
Calculated
Porosity ? - - 
determination of 
porosity from 
geometry of sample, 
weight and specific 
density of materials 
Standard
Volfkovich
porosimetry
? ? ? non-destructivemethod
Mercury
porosimetry ? ? - destructive method 
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The thickness of the catalyst layer was measured by the same procedure as 
described in the chapter 3.2.
The volume fraction of each component used in the catalyst layer was calculated 
from the weight fraction of the component and from the specific bulk density of the 
material, according to following equation:
?
? m
V m
??   3.3-3 
?m  weight fraction of a component in the catalyst layer 
m  mass of the whole catalyst layer 
? specific bulk density of a component in the catalyst layer (see 
material table 4-3) 
3.3.2 Standard Volfkovich porosimetry 
A suitable, non-destructing porosimetric method to determine structural parameters is 
the so-called ‘standard porosimetry’ developed by Y.M. Volfkovich et al. [38-40]. 
The advantage of this method is that the fractions of hydrophilic and hydrophobic 
pores can be separately determined. Knowledge of both fractions is important for the 
understanding of the transport processes in the catalyst layer. On the other hand, 
with the apparatus used for the Standard Volfkovich porosimetry, it was not possible 
to investigate the structure of very small pores with a radius lower than 10 nm. 
Despite the fact, that the volume fraction of these small pores is rather low (2-3 %), it 
causes an inaccuracy of determination of the porosity. With mercury porosimetry, 
pore sizes down to 2 nm could be investigated. Therefore, mercury porosimetry was 
used to determine the pore size distribution.
In this work, the ‘standard porosimetry’ was preferentially used to determine the 
fraction of hydrophilic and hydrophobic pores in dependence on the Nafion content of 
the catalyst layer. As in the case of the electronic conductivity measurements 
(chapter 3.2), a non-porous substrate instead of the porous backing layer was used. 
This is necessary, because the pore volume of a backing layer is approximately 20 
times higher than that of an unsupported catalyst layer. If a backing layer would be 
used as a substrate, the subtraction of the pore volume of the backing layer from the 
overall pore volume would cause a large error concerning the porosimetric data of 
the catalyst layer. 
Because the filling of the pores in the catalyst layer is influenced by the properties of 
the substrate, different substrates were tested: Pt/Ru catalyst layers with varied 
Nafion contents were prepared on PTFE foils (Bohlender GmbH), on stainless steel 
foil (Record 18Cr9Ni 0.075mm) and on glass plates (cover slip 18x18x0.15mm), 
similar to the procedure described above (see chapter 4.2 and table 4-2).
The measuring procedure (see Fig. 3-6) is the following: 
At first, the overall porosity is determined by filling the layers with decane. Sample 
was placed to a vessel with decane and the pressure has been reduced to value of 
20 Pa. Decane starts to boil and because it has a contact angle of about zero [41], it 
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tends to fill all, i.e. both the hydrophilic and hydrophobic pores. The overall porosity is 
simply calculated by dividing the pore volume filled with decane by the geometrical 
volume of the layer. Secondly, the catalyst layers were filled with water, which only 
wets the hydrophilic pores. Therefore, the amount of hydrophilic pores can be 
calculated by dividing the pore volume filled with water by the pore volume filled with 
decane.
Fig. 3-6 Principle of the Standard Volfkovich porosimetry
3.3.3 Mercury porosimetry 
Mercury porosimetry is based on the capillary law governing liquid penetration into 
small pores. In the case of non-wetting liquids like mercury and the assumption of 
cylindrical pores, this law is expressed by the Washburn equation 
?? cos41 ?????
p
d   3.3-1 
where
d  pore diameter,  
p  applied pressure,  
?  surface tension,  
? contact angle.
The volume of mercury (V) penetrated into the pore is measured directly as a 
function of the applied pressure. The d-V information serves as a unique 
characterization of the pore structure. The values of ?? and ? adopted here were 
0.48 N/cm and 141.3°, respectively. 
Experiments were performed externally using a Pascal 440 CE Instruments device.
20 Pa 
128.0
20 Pa 20 Pa 
1
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5
1. weighing of empty
    sample 
2. filling with decane 
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4. evaporation of
    decane 
5. filling with water 
6. weighing of water
‘hydrophilic’ poresPorosity          
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This device has the following specifications: 
Maximum detectable volume 500 mm3
Volume detection resolution 0.1 mm3
Measuring ranges: pore radius 7500 - 1.8 nm 
Measuring ranges: particle diameter 40 - 0.01 ?m
Table 3-3: Specification of Mercury porosimeter 
Pt-Ru catalyst layers with varied Nafion contents were prepared on the same 
substrates as used for the standard porosimetry. After spraying, the catalyst layer 
was dried in oven at 60°C for 30 min and pressed by a standard pressing force of 
0.5 kN*cm-2 onto a PTFE foil (see chapter 4.5.1, Table 4-2). In order to exclude the 
influence of the compressibility of the PTFE foil on the filling of the volume, a pure 
PTFE foil was measured additionally in the porosimetry device. By subtraction of the 
“virtual porosity” of the PTFE foil from the porosity obtained with the catalyst layer 
deposited on the PTFE foil, the true porosity of the catalyst layer should be attained. 
Unfortunately, this treatment has failed, because the “virtual porosity” was higher 
than the porosity of the catalyst layer itself, which resulted in negative values of 
porosity. Therefore, a stainless steel foil with a significantly lower compressibility than 
PTFE was chosen as the carrier for the catalyst layer. However, the Nafion phase, 
which is part of the catalyst layer, is also a compressible compound. To eliminate the 
inaccuracy caused by the compressibility of the Nafion phase, a curve of “virtual 
porosity” with a pure Nafion membrane was recorded. Mercury porosimetry 
measurements of catalyst layers with two different Nafion contents (37 and 47 vol.% 
Nafion) were performed. The “virtual specific porosity” of the Nafion, normalized to 
the volume fraction of the Nafion was then subtracted from the specific porosity of the 
catalyst layer. 
3.4 Scanning electron microscopy 
The microstructure of the surface and the cross section of the catalyst layers 
including the interface catalyst layer / Nafion membrane were investigated externally 
by Scanning Electron Microscopy (SEM). This analytical technique allows us to 
observe electrical conducting objects with a resolution of several nanometers. 
Objects or phases, which are not electronically conducting have to be coated with a 
very thin layer (several atomic layers) of gold or platinum by a sputter coater. The 
scanning electron microscope used for this work works under high vacuum of 10-5
Torr. Because whole water, which is present in a sample evaporates in vacuum, it 
was only possible to investigate samples in the dry state. A different analytical 
device, an environmental scanning electron microscope, which can work under 
higher pressures, would be necessary to use to investigate samples in the wet state. 
However, an environmental SEM device doesn’t reach so high resolution, like the 
standard SEM device. 
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4.  Materials and processing
The preparation procedure and the composition of the anode, which includes both 
the catalyst layer and the backing layer, affects the structural parameters of the 
anode. It is therefore necessary to study the effect of these preparation parameters 
on the properties of the catalyst layer in order to find the optimal composition and an 
appropriate manufacturing process of the anode catalyst layer.
4.1 Materials and components 
Several materials with specific physico-chemical properties were used for the 
preparation of the samples. An overview of the materials is shown in table 4-1. 
More detailed information about applied materials, proposed by the manufacturer can 
be found in the supplement. 
Material Applied in Phys.-chemical 
properties
Manufacturer Trade-mark 
Pt-Ru black anode catalyst layer, 
MEA
see supplement M1 Johnson Matthey HiSPECTM
6000
Pt black cathode catalyst 
layer, MEA 
see supplement M2 Johnson Matthey HiSPECTM
1000
carbon black backing layer, MEA see supplement M3 E-TEK Vulcan XC-72 
PTFE solution backing layer, MEA see supplement M4 Dyneon GmbH TF 5032 
solid PTFE in 
form of foils, 
plates and bars 
carrier of the catalyst 
layer for structural 
investigations
   
Nafion
membrane
MEA see supplement M5 DuPont Nafion 117 
carbon cloth MEA See supplement M6 E-Tek  
Nafion solution Anode and cathode 
catalyst layer, MEA 
see supplement M7 DuPont SE-5112 
stainless steel 
plates
carrier of the catalyst 
layer for structural 
investigations
18Cr9Ni 0.075mm  Record 
FEP - foil Temporary support 
for the knife coating 
technique - DECAL
0.25 mm   
Table 4-1: Overview of applied materials 
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4.1.1 Nafion membrane 
Nafion membrane is based on the poly(tetrafluoroethylene) backbone with side 
chains of SO3- [42], [43]. Nafion is the ‘state of the art’ ionomer since 1959, because 
it fulfills the following demands of a ionomer electrolyte in polymer fuel cells:  
? high proton conductivity (0.1 S*cm-1 at 25°C) 
? conducting selectivity (proton-exchange but barrier for electrons) 
? insolubility in water 
? mechanical strength, bonding properties 
? stability at operation conditions (temperature up to 130°C, oxidative solution ) 
? adhesion to the catalyst layer 
The proton conductivity model of the Nafion is described in the chapter 2.2.2. For 
more detailed physico-chemical properties see supplement M5. 
Despite the advantages of Nafion listed above, the following disadvantages have to 
be considered: 
? expensive (for price trend in the last decade see supplement M5)
? production of fluorinated materials is connected with environmental problems 
? water permeation through the Nafion membrane from the anode to the 
cathode ĺ water management problems in the cathode, e.g. flooding, which 
hinders the accessibility of oxygen to active sites 
? methanol permeation through the membrane ĺ mixed potential at the cathode 
? shape and volume instability in the wet state ĺ complications with direct 
deposition of electrodes on the Nafion membrane due to a sucking of the 
solutions from the deposited ink or the paste 
4.1.2 Carbon cloth 
Carbon cloth is made of carbonized fibers, which are providing electronic 
conductivity. Carbon cloth has in the MEA following functions: 
? supporting material for the backing layer 
? current collector 
Hydrophobic properties use to be modified by impregnation with PTFE solution and 
following sintering at 380°C. An alternative material to the carbon cloth is a carbon 
paper, but which was not in investigated MEAs used. 
For details concerning to the carbon cloth see supplement M6.
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4.2 Preparation of the backing layers 
A carbon cloth was used as a support for the backing layer. It consists of electronic 
conducting carbon fibers. As mentioned in the previous chapter, the carbon cloth was 
before deposition of the backing layer impregnated with a PTFE suspension, dried 
and sintered at 380°C. This procedure enhances the hydrophobicity of the carbon 
cloth and improves the mass transport of gases. 
After that, the backing layers were prepared by knife-coating onto carbon cloth (‘A’ 
Cloth, E-TEK, thickness of 350 mm) and were sintered at 390 °C. The backing layers 
had a thickness of about 80 - 100 ?m. The anode backing layer consisted of 85 wt% 
of carbon (Vulcan XC 72) and 15 wt% of PTFE (Dyneon GmbH, TF 5032). The 
composition of the cathode backing layer and of the reference electrode was 70 wt% 
of carbon and 30 wt% of PTFE. 
4.3 Preparation of the catalyst layers 
Catalyst layers were prepared by manual spraying of an ink consisting of 
isopropanol, catalyst particles and Nafion dispersion onto the backing layer or the 
Nafion layer respectively. Whereas the composition of the ink for anodes was varied 
(for details see Table 4-2), the composition of ink for cathodes was standard (see 
following chapter 4.3.1).
The disadvantages of the manual spraying procedure are an inhomogeneous 
distribution of the catalyst on the surface and catalyst losses due to the dispersion of 
the spraying beam.
On the other hand, spraying is a reasonable deposition procedure of the naturally 
thin ink. Other deposition methods of the catalyst layer would require application of 
additives in order to bring the ink in the paste form. Additives would modify the 
structure and other properties of the catalyst layer, what causes complication of 
further investigation.
In this work, depending on the type of the investigation, several substrates were used 
for deposition of the catalyst layer: diffusion layer, Nafion membrane, PTFE foil, 
stainless steel plate and glass plate. The surfaces of the PTFE foil and the stainless 
steel have been made rough by a sand paper before the deposition of the catalyst 
layer. The spraying procedure includes the following steps:
1. dispersing of all components of the spraying ink in a blender (catalyst, water, 
soluble Nafion and isopropanol) 
2. cyclic step-by-step spraying and drying by a nitrogen stream to avoid flowing 
3. drying in an oven at 60°C for 30 min 
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4.3.1 Standard cathode catalyst layer 
The cathode catalyst layers were prepared with a standard composition of 9 wt.% 
Nafion and 91 wt. % Pt-black catalyst (52 vol. % Nafion and 48 vol. % Pt). The 
preparation of the catalyst layer was mostly performed by spraying the cathode ink 
onto the backing layer. In particular cases, the catalyst layers were prepared by the 
‘decal’ method: at first, the ink was deposited on a FEP-foil and then transferred to 
the Nafion membrane (see also chapter 4.5). ‘FEP’ means fluorinated ethylene 
polymer. It is a copolymer of polytetrafluoroethylene and hexafluoropropylene, which 
has the same chemical stability like PTFE (Teflon), but unlike PTFE, it is not so soft 
and it is transparent.
4.4 Sample preparation for the Scanning Electron Microscopy 
4.4.1 Sample preparation for the investigation of the surface microstructure
The microscopic investigation of the surface of catalyst layers which are part of 
MEA’s features a problem: The catalyst layer is covered from both sides by either the 
Nafion membrane or the backing layer. Due to the hot-pressing process, the catalyst 
layers are  tightly bonded to these layers and the removal of one of these layers 
partly destroys the catalyst layer. Therefore, catalyst layers were prepared onto an 
electronic conducting substrate (stainless steel plate) with the same composition and 
preparation procedure used for the catalyst layers as part of the MEA’s. The samples 
were then placed onto a target and electrically contacted with a conducting varnish. 
They had to be coated about 3 minutes with a thin layer of platinum in order to 
visualize the polymer phases of the catalyst.
4.4.2 Sample preparation for the investigation of the microstructure of the 
cross section
In order to investigate the cross section of the catalyst layer, the MEA has to be cut 
or broken. Several preparation tests like sliding microtome cutting or blade cutting 
failed, because the interface was destroyed during the preparation. It turned out, that 
the development of a suitable cutting procedure is very difficult and time consuming, 
which is mainly caused by the different hardness of the components. Therefore, it 
was tried to adapt the breaking procedure to specific properties of the MEA (for 
details of the Membrane Electrode Assembly preparation procedure see chapter 4.5). 
The best breaking conditions are described in the following: At first, a nick has to be 
cut into the Nafion membrane before the hot-pressing process. After that, only the 
anode is hot-pressed onto the Nafion membrane. Such a ‘Halfcell-MEA’ was then 
frozen by dipping into liquid nitrogen. Finally, the sample was easily broken and a 
clear and plane edge of the break was obtained. In most cases, the backing layer 
peeled off after this procedure. The sample was then treated in the same way as 
described in chapter 4.4.1. 
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4.5 Preparation of Membrane Electrode Assemblies 
All components of the MEA were based on materials and components, described in 
chapter 4.1 and they were treated by processes, described in chapters 4.2 and 4.3. 
Finally, the anode and the cathode, which are both consisting of a catalyst layer 
supported by the backing layer and the carbon cloth, were hot pressed onto the 
Nafion membrane. The hot pressing process is important, because it improves the 
contact between the membrane and the catalyst layers. Three parameters of the hot 
pressing procedure are decisive for the properties of the catalyst layer and the MEA:
pressing force, pressing temperature and pressing duration. The variation of the 
anode preparation parameters is shown in table 4-2 (see chapter 4.5.1) and will be 
discussed further in the chapter 5.3. 
Fig. 4-1:   Geometry of the MEA’s used for half cell measurements, electrode area = 1.77 cm2
Two different geometries of the MEA’s were used for half cell and single cell 
experiments. The geometry of the MEA’s used for half-cell measurements is shown 
in Fig.4-1. The Nafion 117 membrane was circular and had a diameter of 80 mm. 
Both electrodes were circular too, with a diameter of 15 mm and a corresponding 
geometric surface of 1.77 cm². They were electrically contacted by platinum grids and 
wires. The Pt grids were pressed onto the electrodes by using highly porous filter 
plates made of glass. The ring-shaped reference electrode placed on the cathode 
side of the MEA had an inner diameter of 20 mm and an outer diameter of 25 mm 
(see Fig. 4-1).
The second geometry, which was used for single cell measurements, is shown in 
Fig. 4-2. In contrast to the MEA described in the last section, the electrodes are 
square-shaped with an area of 20 cm² and the cathode is prepared on the Nafion 
membrane by the so called DECAL technique. This means, that a FEP-foil (see 
Table 4-1) is knife-coated with the catalyst layer and then the catalyst layer 
transferred from the FAP-foil to the Nafion membrane by hot-pressing.
catalyst layer 
cathode (Pt) 
backing layer
cathode
75 mm 
1525
20
NAFION 117 
Pt-grid
catalyst layer 
anode (Pt/Ru) 
backing layer 
Pt-grid
A = 1.77 cm² 
(exact: 1.76715 cm²)
 Top view     Cross-section 
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Fig. 4-2:   Geometry of the MEA’s used for single cell measurements, electrode area = 20 cm2
4.5.1 Parameter variation of the anode catalyst layer 
As described in the chapter 2.2, the microstructure, porosity, catalyst thickness and 
hydrophobic or hydrophilic properties affect the performance of the catalyst layer. All 
mentioned properties can be modified by a variation of the catalyst composition, 
catalyst loading, pressing force and other preparation parameters. An overview of all 
the parameters, varied is given in table 4-2. 
Weight fraction recalculated to the volume fraction
One of the varied parameters was the Nafion fraction. While by the preparation, the 
weight fraction of the Nafion was varied, for the knowledge of the structure it is 
important to know the volume fraction. For the recalculation was used following 
equation:
%1001 2, ????
?
???
? ????
V
VVV RuORuPt
NafionV?   4.5-1 
?V,Nafion   volume fraction of the Nafion phase
VPt, VRu, VRuO2  volumes of solid phases, present in the catalyst layer 
V   overall volume of the catalyst layer 
Nafion membrane 
anode
cathode
55 x 55 mm 
45 x 45 mm 
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Varied
parameter
Pt-Ru loading 
mg*cm-2
Nafion content 
wt. / vol.% 
Hot-pressing conditions 
p / kN*cm-2,  T / °C,   
t / min 
Catalyst
layer
substrate
 1.8 3 / 19   
1.9 5 / 29 
Nafion content 1.7 7 / 37 0.5 kN, 130°C, 3min backing layer 
1.8 10 / 47 
2.3 13 / 54 
1.4 16 / 60 
0.5    
1.1    
1.5    
2.5    
Catalyst loading 3.0 7 / 37 0.5 kN, 130°C, 3min backing layer
3.5
4.0    
4.8    
5.6    
6.0    
   0.0 kN, 130°C, 3min
   0.3 kN, 130°C, 3min
   0.9 kN, 130°C, 3min
Pressing force 1.1 7 / 37 1.1 kN, 130°C, 3min backing layer
   2.3 kN, 130°C, 3min
   4.0 kN, 130°C, 3min
   5.7 kN, 130°C, 3min
Hot-pressing   4.0 kN, 25°C, 3min
temperature 1.2 7 / 37 4.0 kN, 80°C, 3min backing layer
   4.0 kN, 130°C, 3min 
   0.5 kN, 130°C, 3min 
Hot-pressing 1.9 7 / 37 0.5 kN, 130°C, 30min backing layer
    duration   0.5 kN, 130°C, 60min 
3.0  backing layer
Deposition 3.0 7 / 37 0.5 kN, 130°C, 3min Nafionmembrane
Substrate for 
catalyst layer 1+2
1mg on the 
back. layer and 
2mg on the 
Nafion
membrane
Table 4-2:  The preparation parameter variation of MEA anodes
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The volume fraction of the each component was calculated according to the equation 
3.3-3. Values of the specific density for each component of the catalyst layer used in 
the equation 3.3-3 are listed in the table 4-3). 
?? Platinum Ruthenium Ruthenium oxide Nafion 
g*cm-2 21.45 12.41 7.05 1.93 
Table 4-3: Specific bulk densities of components in the catalyst layer [44] 
The producer of the unsupported catalyst, Johnson Matthey, proposes an atomic 
ratio of 1:1 for the Pt-Ru alloy and contents of 60 wt.% platinum, 30 wt.% ruthenium 
and 10 wt.% ruthenium oxide. These data were used as the ?m-values in the 
equations 3.3-3. 
Fig. 4.3:   Diagram of the relation between the weight and the volume contents of the Nafion and 
the Pt-Ru solid phases 
The relation between the weight and volume fractions of Nafion and Pt-Ru is shown 
in Fig. 4.3. In the range of 3 -16 wt.% Nafion, the volume fraction changes 
significantly (19 - 60 vol. %). It is necessary to notice here, that the diagram does 
include neither primary porosity of the catalyst particles nor the secondary porosity of 
the catalyst layer. It only represents the volume content of the solid phase. The same 
holds for the relation between the bulk density of the catalyst layer and weight 
fraction of Nafion.
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5. Results and discussion 
5.1 The influence of the ionomer content
It is well known, that the performance of PEM fuel cells is strongly influenced by the 
microstructure of the catalyst layer. Besides other parameters, the ionomer content plays an 
important role, because the relative ionic and electronic conductivities, the thickness and the 
density of the catalyst layers are changed. Up to now, only few work was dedicated to the 
influence of the ionomer content in anode catalyst layers made of Pt-Ru black in the direct 
methanol fuel cell (DMFC). S.C. Thomas et al. [4] have used Pt-Ru catalysts with a protonic 
conducting phase of ruthenium oxide. They found out that up to a temperature of 80 – 90 °C 
the best performance is obtained with a Nafion content of 6.5 wt.% (35 vol.%), whereas at 
higher temperature, the catalyst layer without the addition of Nafion gives the best result. 
According to the authors, the latter result can be explained by a sufficient protonic 
conductivity of a certain modification of ruthenium oxide. This means, that the optimal 
ionomer content is depending on the amount of this ruthenium oxide [4]. 
By varying the Nafion content, the following structural parameters of the catalyst layer should 
be changed: 
? porosity / density 
? fraction of ‘hydrophilic’/ ‘hydrophobic’ pores  
? microstructure of pores and catalyst / ionomer phases 
These parameters will influence the following macroscopic properties: 
? mass transport of methanol / water and CO2
? active surface of the catalyst 
? electrical (ionical / electronical) conductivity 
The structural properties of the catalyst layer are determined by the volume fraction of the 
different phases, here: Nafion and Pt-Ru catalyst, and not by the weight fraction. Therefore, it 
is useful to calculate the volume fractions from the weight fractions and the densities of the 
materials, as described in the experimental (see chapter 4.5.1, equation 4.5-1). 
The investigation of the porosity will be discussed further. 
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5.1.1 Structural properties 
The overall porosity, the hydrophilic/-phobic pore fraction, the pore size distribution, the pore 
structure and the phase distribution of the catalyst layers were determined.
a) Overall porosity was calculated from geometry, weight and specific densities of all 
    components  
b) The hydrophilic/-phobic fraction of pores was measured by standard Volfkovich
    porosimetry (see also chapter 3.3.2) 
c) The pore size distribution, the pore structure and phase distribution of the catalyst 
    layers were determined by mercury porosimetry, scanning electron micrographs (SEM)
    and energy dispersive X-ray analysis (EDX) 
Instead of the backing layer, either stainless steel plates or PTFE foils served as substrates 
for the catalyst layers. As described in chapter 4.2, these non-porous and smooth substrates 
were used to prevent a masking effect of the pores in the carbon cloth and the micro layer 
when determining the pore size distribution of the catalyst layer.
A) Determination of the porosity
The overall porosity was calculated as described in the experimental section, chapter 3.3.1, 
according to the equation 3.3-1 from the geometry (thickness, area) of the catalyst layers and 
from densities of all components [44]. As can be seen in Fig. 5.1-2, the porosity of the non-
pressed catalyst layer was found to be 90±2%. The porosity of the pressed catalyst layer 
(0.5 kN*cm-2) was about 10 % lower, i.e. 80±10. In the range of the Nafion fraction variation 
investigated (19-60 vol.%), the porosity seems to be almost independent on the Na¿on
fraction. Nevertheless, the quite big inaccuracy of the measurement (±10%), which is caused 
by the uncertainty of the determination of the catalyst layer thickness and uneven distributed 
along the probe after the pressing process require further investigation of the porosity (see 
following chapters).  
If the porosity data are interpreted in terms of mass transport, the best performance of the 
catalyst layer is expected for the highest porosity, which is provided by non-pressed catalyst 
layers. As shown in Fig. 5.1-2, increased pressing force causes a decrease of the porosity. 
Consequently, if the porosity of the anode catalyst layer plays an important role in the 
performance of the anode, the best performance should be obtained at low pressing force. 
This aspect will be discussed in more detail in chapter 5.3. 
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Fig.  5.1-2:   Porosity in dependence on the volume fraction of the Nafion phase in the catalyst layer; (+, ?)
porosity calculated from the physical and geometrical properties. 
B) Determination of the fractions of hydrophilic and hydrophobic pores
The non-destructing so-called ‘standard porosimetry’ method, developed by Y.M. Volfkovich 
et al. [38-40] (for details see chapter 3.3.2), was applied to determine the hydrophobic and 
hydrophilic pore fraction of the catalyst layer (see following chapter “Standard porosimetry 
measurements”).
The Nafion fraction affects the hydrophilic and hydrophobic properties of the catalyst layer, 
because Nafion is a hydrophilic component. However, the volume fractions of  ‘hydrophilic’ 
and ‘hydrophobic’ pores in DMFC anode catalyst layers, which should especially influence the 
mass transport of methanol and carbon dioxide, have not been investigated before. 
‘Hydrophilic’ pores means the volume fraction of the open pores of the catalyst layer, which is 
filled by water. Under fuel cell operation, these pores are preferentially be used for the 
transport of methanol. Vice versa, the ‘hydrophobic’ pores, which are not filled by water, 
mainly serve for the removal of CO2.
As described in the experimental section (see chapter 3.3.1), the relative amounts of 
‘hydrophilic’ and ‘hydrophobic’ pores in the catalyst layers were determined by filling the pore 
volumes by decane and water. As expected, the volume filled by water is lower compared to 
that filled by decane. The data are plotted in Fig. 5.1-3 in dependence on the volume fraction 
of Nafion. The substrate used for the preparation of the catalyst layers influences the result:  
the layers deposited onto the PTFE substrate generally show higher fractions of the 
hydrophobic pores than the layers deposited on stainless steel. In a MEA, the catalyst layer is 
in contact with two components, which means the hydrophilic Nafion membrane and the more 
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hydrophobic backing layer. Therefore, the hydrophilic/hydrophobic behavior of the catalyst 
layer deposited on stainless steel is expected to be similar to that of the pores in real catalyst 
layers close to the Nafion membrane. In the same way, the properties of catalyst layers 
prepared onto PTFE are announced to be similar to the part of MEA catalyst layers adjacent 
to the backing layer. As a consequence, the porosity data of the bulk catalyst layer lays 
somewhere between both curves, which are describing the situation in the interfaces catalyst 
layer / Nafion membrane or catalyst layer / backing layer respectively (see the region marked 
as “A” and “B” in the Fig. 5.1-3 ).  
Anyway, independent on the substrate used, the fraction of ‘hydrophobic’ pores decreases 
with increasing Nafion content, whereas the fraction of ‘hydrophilic’ pores increases. 
Furthermore, the ‘hydrophobic’ pores are dominating up to 54 Vol.% Nafion in the case of the 
stainless steel substrate and up to 69 Vol.% Nafion if a PTFE plate is used. The decrease of 
the fraction of ‘hydrophobic’ pores with increasing Nafion content can only be explained by a 
more hydrophilic behavior of the Nafion phase compared to Pt-Ru [4]. Thus, the highest 
fraction of ‘hydrophobic’ pores (more than 73 vol.%) and the lowest fraction of ‘hydrophilic 
pores’ (less than 27 vol.%) are obtained with the lowest Nafion fraction of 28 vol.%.
Fig. 5.1-3:   Fractions of the hydrophilic and hydrophobic pores in dependence on the Nafion volume 
fraction in the catalyst layer 
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C) Determination of the pore size distribution and pore structure
The variation of the Nafion content affects not only the fractions of hydrophobic and 
hydrophilic pores, but also the pore structure. In order to obtain information about the pore 
size distribution, mercury porosimetry measurements, scanning electron micrography (SEM) 
and energy dispersive X-ray analysis (EDX) were carried out.
Because porosimetry measurements of unsupported catalyst layers were not performed yet, 
the applicability of the method had to be proven. In the literature, only the pore size 
distribution of carbon supported platinum catalysts is described [45].
Fig. 5.1-4:   Mercury porosimetry measurements, specific cumulative pore volume vs. pore size 
Fig. 5.1-4 shows the dependence of the specific cumulative pore volume on the pore size. 
Both Nafion contents provide a porosity caused by pores sizes from 5 nm up to 80 ?m. The 
cumulative pore volume of the sample with 47 vol.% is lower in the whole range of pore sizes 
than the cumulative volume of the sample with 37 vol.%. This result is in contradiction to the 
result obtained from overall porosity measurements (see previous chapter), i.e. the porosity 
by increasing of the Nafion content remains constant.
In other words, the reproducibility of the method is very bad as can be seen also from Fig 5.1-
4. For example, samples 1 and 2 were prepared by the same conditions and provide different 
pore size distributions. Only what can we learn from the method is the fact, that pore sizes 
higher than 1 ?m causes porosity about 11-30 % from the overall porosity in comparison to 
the region of pore sizes 5 nm to 1 ?m, which causes porosity about 70-89 % from the overall 
porosity. From differentiation of the curves shown in Fig. 5.1-4, the pore size distribution is 
obtained (see Fig. 5.1-5 and 5.1-6).
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Fig. 5.1-5:   Dependence of the pore size distribution on the pore radius for Nafion contents of 37 and 47 
vol.% (data taken from Fig. 5.1-4) 
As seen in Fig. 5.1-5, a peak occurs at a pore radius of about 2.5 ?m, what is common for 
both Nafion contents (as 37 vol.%, so 47 vol.%). Differences of the pore size distribution 
between Nafion contents of 37 vol.% and 47 vol.%  in the pore size range from 80 ?m down 
to 8 ?m we concluded to be irrelevant due to the insufficient reproducibility of the method, as 
discussed above.  
At low pore radii, the pore size distribution at different Nafion contents is similar with a peak at 
about 20 nm (see Fig. 5.1-6).
In the literature [45], pore size distributions of carbon supported Pt catalysts are reported. The 
authors [45] distinguish two types of pores:
a. small “primary” pores (peak maximum at pore size of 20 - 40 nm) formed in the space 
between the primary particles in the agglomerate
b. large “secondary” pores (40 nm - 1 ?m) formed between agglomerates 
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Fig. 5.1-6:   Detail of the pore size distribution dependence on the pore radius for Nafion contents of 37 
and 47 vol.% (data taken from the Fig. 5.1-5)
In order to obtain more relevant picture about the pore structure, SEM and EDX 
measurements were carried out. 
EDX maesurements 
The fluorine and platinum distribution in catalyst layers with different Nafion contents and the 
corresponding scanning electron micrographs are presented in Figs.5.1-7. The fluorine EDX 
represents the distribution of Nafion and the platinum EDX represents the distribution of Pt/Ru 
catalyst. At 37 vol.% Nafion, an uniform distribution of the Nafion is evident (see Fig. 5.1-7 
left). At 60 vol.% Nafion, an agglomeration of Nafion particles in the area of large pores can 
be recognized (see Fig. 5.1-7 right). This indicates a filling of large pores by Nafion at 
increased Nafion fractions. A blocking of pores by Nafion implicates a mass transport problem 
especially at high Nafion contents and large current densities.
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Fig. 5.1-7: EDX measurements of the element distributions in the catalyst layer with a content of 37 vol.% of 
Nafion phase (left ) and 60 vol.% of Nafion phase (right); Order of pictures: fluor-EDX, platinum-EDX and SEM 
overview of the catalyst layer
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As mentioned above, the presence of primary and secondary pores in a Pt-Ru black catalyst 
layer is illustrated in the scanning electron micrographs presented in Figs. 5.1-8a/b. Fig.5.1-
8a shows agglomerates with a diameter of about 1 – 10 ?m. The pores between the 
agglomerates have a diameter of less than 15 ?m. Most of the pores have a radius of 1-3 ?m,
which coincides with the pore size maximum found at 2.5 ?m. At larger magnification 
(60x103), the pore structure of a typical agglomerate is shown (see Fig.5.1-8b). The smallest 
pores, which can be observed from the micrograph, have a diameter of about 10 nm. This 
corresponds with the smallest pores detected by mercury porosimetry (r = ca. 5 nm). The 
largest pore has an average diameter of about 80 nm respectively a radius of 40 nm. This is 
the same value committed by Uchida et al. as the upper limit of the primary pores [45]. It 
should be stressed, that the analysis of other agglomerates yielded the same result, i.e. pore 
radii of 5 – 40 nm.  
On basis of the porosimetric and microscopic results, the two peaks of pore size distribution 
observed in this work (peak maxima at 20 nm and 2.5 ?m) are correlated with primary and 
secondary pores as follows:    
a) primary pores:  small pores with radii ? 5 - 40 nm predominantly between individual 
particles of the unsupported Pt-Ru catalyst, because Nafion itself does not form small 
pores with a size of 20 nm
b) secondary pores: pores with radii ? 40 nm between the Pt/Ru agglomerates and 
between the Pt-Ru catalyst and the Nafion phase, especially large pores in the range 
of 1 – 10 ?m
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Fig. 5.1-8a:   EDX of a Pt-Ru black catalyst layer with 37 vol.% of Nafion, sprayed on stainless steel plate 
and pressed by 0.5 kN*cm-2, top view, magnification 3x103x
Fig. 5.1-8b:   Scanning electron micrograph of a Pt-Ru black catalyst layer with 37 vol.% of Nafion, sprayed on 
stainless steel plate and pressed by 0.5 kN*cm-2, top view, magnification 6x103x
r ? 2,5 ȝm
r ? 40 nm
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5.1.2 Electrochemical properties 
In this work, DMFC anode catalyst layers based on unsupported Pt-Ru catalyst with a Nafion 
content of 19 – 60 vol.% were prepared. These layers were characterized by means of 
electrochemical measurements, namely quasi-stationary current/potential measurements, 
cyclic voltammetry, and impedance spectroscopy to determine the performance and the 
active surface area.  
At first, quasi-stationary current/potential measurements of the methanol oxidation in the Pt-
Ru catalyst layers for different Nafion contents (19 – 60 vol.%) and temperatures (40 – 80 °C) 
were carried out. Fig.5.1-8 shows current/potential curves recorded at a temperature of 60 °C 
and Nafion fractions of 19 – 60 vol.%. Up to a potential of about 450 mV the best performance 
is obtained with 37 vol.% (7 wt.%) of Nafion, which confirms the findings of S.C. Thomas et al. 
[4] at temperatures lower than 90 °C. Thomas proposes the optimum at a Nafion content of 
6.5 wt.%, which corresponds to a volume fraction of 35 vol.% (see equation 5.1-1, 5.1-2 in the 
chapter 5.1.1 ).
Fig. 5.1-9:   Quasi-stationary current-potential curves of the methanol oxidation; fraction of the Nafion phase 
varied: (19, 29, 37, 47, 54, 60) vol.% ; current density is normalized to the catalyst loading (1.4-2.4 mg/cm2)
For practical application, it is important to know if the optimal fraction of Nafion deduced from 
Fig. 5.1-9 is valid under varying operation conditions. Therefore, the current densities are 
plotted vs. Nafion content for different potentials (E = 35, 40, 45 mV; see Fig. 5.1-10) and 
different temperatures (T = 40, 60, 80 °C; see Fig. 5.1-11). 
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From Figs. 5.1-10 and 5.1-11 it turns out, that the maximum of current density is more 
pronounced at higher potentials and temperatures. However, the optimal Nafion content of 
37 vol. % is nearly independent on both potential and temperature. This means, that the 
optimal Nafion content has not to be adjusted depending on the preferential operating 
conditions.
Fig. 5.1-10:   Current density of the methanol oxidation in dependence on the Nafion content. Data obtained 
from quasi-stationary current-potential curves of the methanol oxidation for electrode potentials E = (0.35, 
0.40, 0.45) V 
To explain the optimal Nafion content of 37 vol.%, the dependence of the active surface area 
on the Nafion content was investigated. The dimensionless active surface of the catalyst can 
be calculated as a function of volume fraction of the Nafion phase from the charge of 
hydrogen desorption peaks of cyclic voltammograms (see equation 3.1-1, chapter 3.1.4). For 
these calculations, a charge of 220 μC*cm-2 was used, corresponding to a mono-atomic layer 
of adsorbed hydrogen on the surface of the Pt-Ru catalyst [41]. Because the catalyst loading 
of the samples was different (see experimental section, table 4-2), all values were normalized 
to the catalyst loading of (1.4 – 2.4) mg/cm² and subscripted with ‘L’.
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Fig. 5.1-11:   Current density of the methanol oxidation in dependence on the Nafion content. Data obtained 
from quasi-stationary current-potential curves of the methanol oxidation for temperatures T = (40, 60, 80) °C 
The results are shown in Fig. 5.1-12. At low Nafion fractions, the active surface is enhanced 
with increasing amount of Nafion up to 37 vol. %. This is due to the enlargement of the 
catalyst/ionomer interface and the three-phase boundary. At a Nafion fraction higher than 
37 vol.%, the active surface decreases. The decrease of the active surface at high volume 
fractions of Nafion can be understood from the SEM/EDX pictures already shown in Figs. 5.1-
7: At high Nafion content, the Nafion particles form agglomerates with a diameter of more 
than 10 ?m, where the inner Nafion particles have no contact to the catalyst. The unfavorable 
distribution of the Nafion and the Pt-Ru phase results in a decrease of the Nafion/Pt-Ru 
interface.  
The fraction of Nafion of about 37 vol.% was observed to be an optimum because it provides 
as the best performance so the highest active surface. 
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Fig. 5.1-12:   Active surface area of the Pt-Ru catalyst in 1M solution of methanol; data were obtained from 
cyclic voltammetry and they are normalized to the catalyst loading. 
5.1.4 The relation between the structural and electrochemical properties 
A correlation between electrochemical and structural data is presented in Fig. 5.1-13. The plot 
shows the current density of methanol oxidation in dependence on the fraction of 
‘hydrophobic’ pores at a temperature of 60 °C and electrode potentials of 0.35, 0.4 and 
0.45 V. As can be seen, at the fraction of 61 % of hydrophobic pores, a maximum is obtained, 
which corresponds to 37 vol.% of the Nafion phase. This is the same Nafion content, where 
the maximum of the active catalyst surface was obtained (see Fig. 5.1-12, chapter 5.1.2.). 
The value of 37 vol.% is again independent on the electrode potential.
In order to eliminate the influence of the Nafion content on the enlargement of the reaction 
zone, the current density has to be normalized to the active surface area of the Pt-Ru 
catalyst. The resulting normalized current density, jA, reflects the activity of the catalyst 
independently on the active area. It is plotted in Fig. 5.1-14 as a function of the fraction of 
hydrophobic pores.
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Fig. 5.1-13:   Current density of the methanol oxidation in dependence on the fraction of hydrophobic pores 
for different potentials; E = (0.35, 0.4, 0.45) V 
As can be seen from Fig. 5.1-14, the normalized current density increases linearly with rising 
hydrophobicity of the catalyst layer. It reaches a maximum in the range of the Nafion content 
variation, at the highest fraction of hydrophobic pores (85 %) corresponding to the lowest 
fraction of Nafion (19 vol.%). 
The positive influence of the ‘hydrophobic’ pores can be explained in terms of the mass 
transport of gaseous species, i.e. carbon dioxide and gaseous methanol: For example at high 
current densities, more carbon dioxide is generated, which requires a larger volume of pores 
not filled by water and liquid methanol. Carbon dioxide is predominantly released as gas 
bubbles, because the solubility of carbon dioxide in the liquid phase is too low. E.g. at 80 °C 
and pCO2 = 101 kPa, the concentration of carbon dioxide in water equals 1.3 * 10
-2 mol/l [46]. 
The low concentration causes a limitation of the CO2 transport through the aqueous methanol 
solution in the porous electrode. If carbon dioxide would exclusively diffuse through the liquid 
phase, a diffusion limiting current of some mA/cm² should be observed in the current/potential 
curves. Actually, the typical limiting current density is much higher, i.e. 200 – 300 mA/cm². 
This can only be explained by a predominant transport of carbon dioxide via the gas phase.
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Fig. 5.1-14:   Current density of the methanol oxidation in dependence on the fraction of hydrophobic pores 
for different potentials normalized to the active surface area; E = (0.35, 0.4, 0.45) V; data taken from Figs. 
5.1-9 and 5.1-12 
The limiting current density of the diffusion of methanol, jlimD, can be roughly calculated 
according to the following equation [47].
 (5.1-1) 
where Db is the diffusion coefficient of methanol in the backing layer (cm2 s-1), ch is the 
methanol molar concentration (mol cm-3) in the flow channels and lb is the thickness of the 
backing layer (cm). In the case of liquid methanol, with Db ? 2 * 10-5 cm2 s-1 [47], ch = 10-3 mol 
cm-3 and lb = 0.04 cm, a limiting diffusion current density of ? 300 mA/cm² is obtained. For the 
limiting diffusion current density of gaseous methanol, a similar result is obtained: the 
diffusion coefficient of gaseous methanol is about 3 orders of magnitude higher than in the 
case of liquid methanol. On the other hand, the methanol concentration in the gas phase is 
about 3 orders of magnitude lower.
The estimated value of jlimD ? 300 mA/cm² is similar to the limiting current densities observed 
in the experiments. Therefore, the limiting transport of liquid and/or gaseous methanol must 
influence the limiting current density. This statement is in accordance with the analytical 
model published in [47], where the total limiting current is determined by both mass transport 
and reaction limitation. 
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The question, if the transport of either liquid or gaseous methanol is more important, is 
answered by the plots shown in Fig.5.1-14: the mass transport of gaseous methanol is 
dominating. Otherwise, the normalized current density would decrease with rising 
hydrophobicity and not increase. This is because liquid methanol requires hydrophilic pores 
for a fast mass transport to the active zone. Vice versa, the transport of gaseous methanol is 
favoured by an increased fraction of hydrophobic pores, which coincides with positive slope of 
jA vs. fraction of hydrophobic pores.
As mentioned above, the porosity of the anode catalyst layers is about 80 %, almost 
independent on the Nafion fraction. Therefore, a correlation between the porosity and the 
current density is redundant. It means, that the porosity of the catalyst layer is high enough to 
ensure a fast mass transport.
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5.1.5 Proton and electronic conductivity 
The proton conductivity of the anode catalyst layers was determined by using a new method 
described in the theoretical section (chapter 2.2.2). 
At first, impedance spectra of the methanol oxidation were recorded at anode catalyst layers 
with different fractions of the Nafion phase. Fig. 5.1-15 shows typical Nyquist plots of the 
methanol oxidation reaction, featuring an inductive loop at low frequencies.
These results are in accordance with the calculated impedances presented in [17]. It should 
be noted, that the impedances shown in Fig. 5.1-15 are recalculated to a catalyst loading of 
1 mg/cm², simply by multiplying the impedances with the actual loading of the respective layer 
and division by 1 mg/cm². This is useful for a better comparison of the samples, because the 
Pt-Ru loading of the different catalyst layers used for the electrochemical measurements 
ranges from 1.4 to 2.3 mg/cm². The recalculation is justified, because at a temperature of 
40 °C, the performance of the DMFC anode increases almost linearly up to a Pt-Ru loading of 
about 2.5 mg/cm² (for details see chapter 5.2). This corresponds with a linear decrease of the 
anode resistance. 
Fig. 5.1-15:   Current density of the methanol oxidation in dependence on the fraction of hydrophobic pores 
for different potentials normalized to the active surface area; E = (0.35, 0.4, 0.45) V; 
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From the impedance at very low frequencies, direct current (d.c.) resistances are obtained. 
The d.c. resistances are changing with the Nafion content in the order of R60% > R54% > R47% > 
R37% > R29%. This order correlates with the results obtained from quasi-stationary 
current/potential measurements, where a Nafion fraction of 37 vol.% yielded the best 
performance (for details see chapter 5.1.2). Here, the interest is focussed on the high 
frequency part of the impedance spectra. As can be seen from Fig. 5.1-15, approximately 
linear branches of the complex impedance with angles close to the theoretical value of 45° 
are obtained. The critical frequency, above which a linear behavior is observed, tends to 
decrease with increasing Nafion content and ranges from 10 to 80 Hz . These results are in 
accordance with the calculated impedances presented in [21]. Following the theory of [21], 
only capacitive effects and proton transport, but no faradaic processes should influence the 
impedance at high frequencies. Hence, the high frequency impedance should only slightly 
depend on the electrode potential. This demand is fulfilled, as shown in the Bode plots of Fig. 
5.1-16: Above frequencies of about 1 Hz, the complex impedance is nearly independent on 
the electrode potential. 
Fig. 5.1-16: Bode plots of the methanol oxidation at different electrode potentials (samples and measuring 
conditions see Fig. 5.1-15) 
According to equation (2.2-8, chapter 2.2.2), the modulus of the high frequency impedance 
has to be plotted vs. 1/(?1/2), to determine the square root of the ratio of the proton resistance 
and the pseudo double layer capacitance. As shown in Fig.5.1-16, fairly linear plots are 
obtained. The linear regression yields proportionality constants K = (Rp/Cpdl)1/2, which tend to 
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decrease with increasing Nafion content. Concerning the influence of the Nafion fraction, the 
following effects must be considered: 
- The proton resistance decreases with increasing fraction of Nafion. If the capacitance 
was less affected by the Nafion content, the ratio of the proton resistance and the 
pseudo double layer capacitance should also decrease.
- The influence of the Nafion fraction on the pseudo double layer capacitance is more 
complex: at low and increasing Nafion fractions, the interface Pt-Ru catalyst / Nafion and 
thus the capacitance, should increase with an increase of Nafion content. On the other 
hand, the Nafion particles tend to agglomerate with increasing Nafion content and the 
interface decreases. This is evident from the scanning electron micrographs shown in 
Fig. 5.1-7 and measurements of active surface (see Fig. 5.1-12), where a maximum has 
been found at a Nafion content of 37 vol.%.
Fig. 5.1-17: Modulus of the impedance vs. 1/????, data taken from Fig.5.1-15, determination of (RMeOH/Cpdl)1/2
for different fractions of Nafion (37 - 60 vol.%) according to eq. 2.2-8, chapter 2.2.2 
Considering these effects, we expect that the ratio Rp/Cpdl should decrease significantly at low 
( 37 vol.%) and increase at high (60 vol.%) fractions of Nafion, because Rp should decrease 
and Cpdl increase. At higher fractions of the Nafion phase, the decrease of Rp should be partly 
compensated by an increase of Cpdl. Thus, the ratio Rp/Cpdl should be less dependent on the 
fraction of Nafion phase under these conditions: Indeed, the opposite behavior is observed 
from the data presented in Fig.5.1-17, i.e. a small decrease of the ratio Rp/Cpdl at low fractions 
of the Nafion phase and a pronounced decrease at higher Nafion fractions.  
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In order to understand this unexpected result, the proton resistance and the pseudo double 
layer capacitance have to be separated. As described above, the separation is achieved by 
determining the pseudo double layer capacitance from an independent measurement, e.g. the 
capacitive charging current of cyclic voltammograms of the methanol oxidation. This is shown 
in Fig.5.1-18 at the example of a catalyst layer with a Nafion fraction of 37 vol.%. The 
charging current is taken from the minimum current in the anodic sweep of the cyclic 
voltammograms.  
Fig. 5.1-18: Cyclic voltamogram of the methanol oxidation on Pt/Ru in an anode catalyst layer with the 
fraction of 37 vol.% of the Nafionphase, dU/dt = 50 mV/s, T = 40 °C, 1 M MeOH, determination of the 
pseudo capacitance from the capacitive charging current density, jpdl 
The potential of the minimum current was about 0.3 ± 0.02 V, independent on the fraction of 
the Nafion phase. At higher potentials a faradaic current starts to act, which is independent 
from the scan rate. From the minimum of the current, the pseudo double layer capacity can 
be calculated according to the equation 2.2-9 (chapter 2.2.2).
The assumption, that the minimum current is a pure capacitive current, is validated by 
recording of cyclic voltammograms at different scan rates: at an electrode potential of about
0.3 V,  the minimum current density increases linearly with the scan rate, as predicted by 
equation (2.2-9). At potentials higher then e.g. 0.5 V, where the Faradaic current of methanol 
oxidation dominates, the current density is almost independent of the scan rate. These results 
are confirmed by quasi-stationary current/potential measurements of the methanol oxidation 
on Pt/Ru(1:1), where a significant current density of methanol oxidation is obtained at 
potentials higher than 0.3 V (see Fig. 5.1-4, chapter 5.1.2.).
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The calculated values of the protonic resistance and the pseudo capacitance are plotted in 
Fig. 5.1-19 as function of the fraction of the Nafion phase. From this figure, the dependence of 
the ratio Rp/Cpdl on the Nafion content as discussed above can be explained as follows: at low 
Nafion fractions, an unexpected increase of the protonic resistance is obtained. Because the 
capacitance also increases at low Nafion contents, the ratio Rp/Cpdl remains almost constant. 
At higher Nafion fractions, the protonic resistance decreases, as expected. The pseudo 
capacitance reaches a maximum between a Nafion fraction of 37 to 47 vol.%. As mentioned 
above, the maximum of the active surface was obtained at a similar Nafion content, i.e. 
37 vol.% (see Fig. 5.1-12, chapter 5.1.2.) At higher Nafion fractions, the protonic resistance 
decreases much stronger than the pseudo capacitance, which causes the pronounced 
decrease of Rp/Cpdl.
Fig. 5.1-19 Protonic resistance and pseudo double-layer capacitance vs. the fraction of the Nafion phase, 
data taken from table 5-2 
From the protonic resistances and the geometrical volume of the catalyst layers, specific 
proton conductivities were calculated according to equation 2.2-10, chapter 2.2.2. 
Furthermore, the exponent n, which reflects the tortuosity of an ion conducting phase in a 
mixed conducting composite, was calculated from equation 2.2-11. For a better comparison of 
the results for the different samples, the parameters were recalculated for a Pt/Ru loading of 
1 mg/cm². Additionally, literature data of the specific conductivity and the exponent n (see 
equation 2.2-11) are listed. The data of Boyer et al. are taken from the fit line of Fig.4 in [19] 
and corrected for a temperature of 40 °C by simply multiplying the values by a factor of 1.2. 
From the equation of Bruggeman [24] (see equation 2.2-12), theoretical conductivity values 
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were also calculated. Both the values of Boyer and Bruggeman are related to the volume 
fractions of the Nafion phase in our samples. All the measured and calculated values are 
summarized in table 5-2: 
Weight fraction of the 
Nafion phase / wt. %
5 7 10 13 16 
Volume fraction of the 
Nafion phase / vol.% 
29 37 47 54 60 
Volume fraction of the 
Nafion, including 
porosity / vol. % 
5.8 7.4 9.4 10.8 12
?Nafion 0.058 0.074 0.094 0.108 0.12 
Pt-Ru loading / mg*cm-2 1.9 1.5 1.8 2.3 1.4 
dcat.-layer / ?m 11.4 10.5 11.7 15 7.7 
dcat.-layer / ?m b 6.0 7.0 6.5 6.5 5.5 
Rp a  [Cpdl]-1 / ? F-1 1.15 1.18 1.02 0.58 0.44 
Cpdl / F cm-2  * 0.16 0.21 0.20 0.19 0.16 
Rp / ? cm² * 0.58 0.78 0.67 0.36 0.21 
?p / ? cm 967 1107 1008 546 381 
?p / mS cm-1 1.0 0.9 1.0 1.8 2.6 
n 1.8 2.2 2.8 2.3 2.0 
?p,Boyer et al. c / mS cm-1 7 8.9 11.3 13 14.4 
n Boyer et al. c ? 1 ? 1 ? 1 ? 1 ? 1 
?p,Bruggeman d / mS cm-1 1.7 2.4 3.5 4.3 5.0 
n Bruggeman 1.5 1.5 1.5 1.5 1.5 
Table 5-2:  Data from porosimetric, impedance and cyclovoltametric measurements for hot-pressed (T = 
130 °C, p = 0.5 kN/cm²) Pt/Ru(1:1)black catalyst layers with different Nafion contents; a/ Calculated with a 
porosity of 80%, porosity obtained from the geometry of the catalyst layers and the densities of Pt/Ru and 
Na?on; b/ values recalculated with a Pt-Ru loading of 1 mg/cm²; c/ Values taken from reference [19]; d/ 
Theoretical values calculated from the Bruggeman Eq. (2.2-12).
The volume fractions of platinum ruthenium and Na¿on shown in Table 5-2 were calculated 
with a porosity of 80%, as described in chapter 5.1.1.  
The dependence of the specific proton conductivity of the DMFC anode catalyst layers on the 
Nafion content is shown in Fig.5.1-21. As expected from the values of the protonic resistance 
(see Fig.5.1-19 / table 5-2) and the thickness of the catalyst layers (see table 5-2), the specific 
proton conductivity slightly decreases at low Nafion contents and increases markedly at 
fractions of the Nafion phase higher than 42 vol. %. 
Regarding the fraction of the Nafion phase in the range of 42 -60 vol.%, and the bulk 
conductivity of Nafion of 0.12 S/cm at 40 °C, we expect values of the specific proton 
conductivity of about 0.02 S/cm, if the microstructure of the Nafion phase were to be 
neglected. This is not the case: the conductivity values are smaller by more than one order of 
magnitude, i.e. in the range of 10-3 S/cm. Hence, the microstructure, e.g. the tortuosity of the 
Nafion phase has a decisive influence on the specific proton conductivity. The unexpected 
increase of the speci¿c proton conductivity with decreasing Na¿on fraction at ionomer 
contents lower than 40 vol.% (see Fig. 5.1-19) is not yet clear. The observed effect could be 
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caused by an increasing agglomeration of the Na¿on particles with growing Na¿on content: 
agglomeration means formation of Na¿on islands without contact to ionic conducting paths in 
the catalyst layer and thus a decrease of the proton conductivity. At higher Na¿on contents, 
the islands could merge together and the proton conductivity would increase due to the 
increasing fraction of the ionomer. These contrary effects result in a minimum of the speci¿c
proton conductivity. The ‘agglomeration’ theory is supported by EDX results shown in Fig. 5.1-
7. The EDX measurements show respectively the Àuorine Na¿on distribution in the anode 
catalyst layer at Na¿on contents of 37 and 60 vol.%. It is evident that the distribution of the 
Na¿on particles is more inhomogeneous at higher Na¿on content including formation of large 
islands with a diameter of 10 ?m and more. A second, more speculative explanation is the 
proton conductivity of ruthenium oxide, as stated by Thomas et al. [4]: if the Na¿on content 
falls below a critical value, the Na¿on phase is no longer able to form a continuous, proton 
conducting phase. In this case, ruthenium oxide could substitute for Na¿on as the proton 
conducting phase. Hence, the proton conductivity of the catalyst layer would increase with 
growing amount of catalyst, or decreasing fraction of Na¿on, as observed in Fig. 5.1-20.  
Fig. 5.1-20: Specific proton conductivity of DMFC anode catalyst layers as a function of the Nafion fraction, 
data taken from table 5-2 
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The exponent n (see equation 2.2-10, chapter 2.2.2), which reflects the tortuosity of the 
Nafion phase, is about 2 (see Table 5-2). These numbers are in the range of the theoretical 
values of 1.2 – 4.5 reported in the literature [23, 24]. However, for PEMFC electrodes, n was 
set to 1.5 [16-18], following the theory of Bruggeman ([24], see also equation (5.1-4)). 
Fig.5.1-21: Scanning electron micrograph of a Pt-Ru black catalyst layer with 60 vol.% of Nafion, 
sprayed on stainless steel plate and pressed by 0.5 kN*cm-2, top view, magnification 65*103x
Theoretical values of the specific conductivity of catalyst layers according to the Bruggeman 
equation were additionally calculated. Compared to our results, the values of ?p, Bruggeman are 
higher by a factor of 2 to 3, depending on the Nafion fraction. On the other hand, the 
conductivity values obtained by Boyer et al. are two or three times higher than the theoretical 
values of Bruggeman (see table 5-2). In the first instance, it is not surprising that our 
conductivity values are much smaller than those obtained by Boyer et al., because these 
authors have used carbon supported catalysts, whereas we have used unsupported platinum 
ruthenium black catalyst. Following Boyer et al., the expectedly high conductivities observed 
by these authors at low Nafion fractions can be explained by an additional proton conductivity 
caused by a transport of protons along anion impurities on the carbon. This mechanism can 
be excluded in our case. If we compare our results with the theoretical values following the 
Bruggeman theory, it should be mentioned that Bruggeman’s theory implies a regular, e.g. 
spherical or cylindrical geometry of the particles forming the composite layer. Concerning the 
geometry of the Nafion particles, this theory is definitely not true, as demonstrated by the 
scanning electron micrograph of a DMFC anode catalyst layer shown in Fig.5.1-21. The 
Nafion phase in our catalyst layers is rather similar to a thin film. The Nafion phase partially 
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covers the catalyst particles and has a higher tortuosity than the same volume of Nafion 
consisiting of spherical or cylindrical particles. Thus, it is not astonishing that our conductivity 
values are found to be lower than the theoretical values of Bruggeman. At Nafion fractions 
much higher than 50 vol.%, which we have not investigated, n should tend to unity.
Fig. 5.1-22:   Correlation of the current density of methanol oxidation (E = 0.4 and 0.45 V, data taken from 
Fig. 5.1-14) and the proton conductivity of DMFC anode catalyst layers, data taken from table 5-2
To evaluate the influence of the proton conductivity on the performance of the DMFC anode 
catalyst layer, the current density of methanol oxidation is plotted as a function of the specific 
proton conductivity as shown in Fig. 5.1-22. The current densities are taken from Fig. 5.1-12 
chapter 5.1.4. It is striking, that the current density of methanol oxidation roughly tends to 
decrease with increasing specific conductivity. This does not mean that the proton 
conductivity is responsible for the deteriorating performance of the anode. It rather suggests, 
that in the range of Na¿on content investigated, the proton conductivity is less important for 
the performance DMFC anode than, for example, the hydrophobicity of the anode catalyst: In 
chapter 5.1.4, it was stated, that a hydrophobic anode catalyst layer is favorable for a fast 
mass transport of gaseous methanol and CO2 and thus favorable for obtaining high 
performance of the DMFC anode. This is especially true at high current densities. If on the 
contrary the proton conductivity would be more important, one would expect an improvement 
of the anode performance with increasing Nafion fraction. However, it is probable, that the 
anode performance will worsen at Nafion fractions much lower than 29 vol.% because the 
active area will then be restricted to the interface of the Nafion membrane and the catalyst 
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layer. This was proofed by additional measurements of a sample with the fraction of 19 vol.% 
Nafion (see Fig. 5.1- 8, 9, 10, 13, 14, 15). A further decreasing of the fraction of the Nafion 
phase has failed. It was difficult to prepare a proper anode catalyst layers with e.g. a fraction 
of 10 vol.% Nafion, because the mechanical properties of these layers were poor: The layers 
were friable and detached from the substrate. This is due to the binding property of Nafion, 
which is not sufficient at very low Nafion fractions. Because of these reasons, a further 
decrease of the Nafion content is not useful for increasing the hydrophobicity of the catalyst 
layer. It rather suggests adding hydrophobic binding materials like PTFE. 
In addition to the proton conductivity, the specific electrical conductivity of the anode catalyst 
layers was determined as described in the experimental section (for details see chapter 3.2). 
As seen from Fig. 5.1-23, the values of the specific electrical conductivity are about three 
orders of magnitude higher than the proton conductivities (compare with Fig. 5.1-20). This 
means, that electronic conductivity prevails. As expected, the electronic conductivity 
decreases with increasing fraction of Nafion, i.e. decreasing amount of electronically 
conducting catalyst. It can be assumed, that the relatively high electronic conductivity has 
only a small inÀuence on the electrode performance. If we consider an isotropic distribution of 
the conductivity, a thickness of the catalyst layer of 10 ?m and a specific conductivity of 
1 S/cm, the ohmic resistance equals 1 m??cm2. At a current density of e.g. 500 mA/cm2, this 
means a voltage loss of 0.5 mV, which can be neglected. Only at Na¿on contents much 
higher than 50 vol.%, a signi¿cant decrease of the electronic conductivity, and the 
performance can be expected. 
Fig. 5.1-23: Specific electrical conductivity of DMFC anode catalyst layers prepared on PTFE foils as a function of 
the Nafion content, values obtained from 4 point a.c. measurements
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5.2 The influence of the catalyst loading 
A variation of the catalyst loading at a constant composition of the catalyst layer means, that 
mainly the thickness of the layer is affected. However, depending on the preparation 
procedure, the structural properties may slightly change with the thickness of the catalyst 
layer. From literature data [48, 49] it turns out, that loadings of more than 8 mg/cm² of Pt/Ru 
black do not improve the cell performance. This upper limit can be explained by contrary 
effects: On the one hand, the anode performance improves with increasing catalyst loading 
respectively the active surface of the catalyst, if the anode reaction is predominantly 
controlled by the kinetics of the methanol oxidation. On the other hand, with increasing 
thickness of the catalyst layer, the anode performance is more and more affected by the mass 
transport limitation of methanol and CO2.
Additionally, the so-called ‘penetration depth’ of the electric field from the surface of the 
membrane into the catalyst layer is limited, depending on the electrochemical resistance and 
the protonic conductivity of the catalyst layer (for details see chapter 2.2.3 and [25, 50]). This 
means, that the electrochemical reaction is predominantly taking place in the ‘inner’ part of 
the catalyst layer, which correlates with the penetration depth. If the thickness of the catalyst 
layer exceeds the penetration depth, the ‘outer’ part is less active and a further increase of 
the loading and layer thickness will only slightly increase the performance of the catalyst 
layer.
Fig. 5.2-1:   Thickness of the catalyst layer in dependence on the loading of the catalyst for a composition of 
the catalyst layer: Nafion / Pt-Ru black (37/63) vol.%
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However, a thicker anode catalyst layer can be advantageous regarding the cell performance, 
because a part of the methanol is consumed in the outer part of the layer and the permeation 
of methanol to the cathode is reduced [4]. 
For the investigation of the catalyst loading, anode catalyst layers with a fraction of 37 vol.% 
Nafion, 63 vol.% of Pt-Ru black and with Pt-Ru loadings of 0.5 - 6.0 mg/cm² were prepared. 
The knowledge of the thickness of the catalyst layers is important for the discussion of the 
penetration depth. Therefore, the thickness of the catalyst layers was determined with a dial 
indicator by measuring the thickness of the backing layer before and after deposition of the 
catalyst layer. The electrochemical performance of the anodes was characterized by quasi-
stationary current/potential curves. Fig. 5.2-1 shows the dependence of the thickness of the 
catalyst layer on the catalyst loading. As expected, the thickness of the catalyst layer 
increases linearly with the catalyst loading. 
Fig. 5.2-2: Tafel plots of methanol oxidation on Pt-Ru (1:1) black for different Pt-Ru loadings, 1 M MeOH,  
T = 60 °C, data obtained from quasi-stationary current/ potential curves (dU/dt = 0.5 mV/s) 
Fig. 5.2-2 shows Tafel plots of the methanol oxidation for different Pt-Ru loadings at a 
temperature of 60 °C. Additionally, Fig. 5.2-3 shows the current density as a function of the 
Pt-Ru loading for electrode potentials of 0.3 and 0.35 V. From both figures, it can be seen, 
that up to a Pt-Ru content of about 2 mg/cm², the current density is significantly and almost 
linearly increasing with the catalyst loading. At higher loadings, the performance of the anode 
is only slightly improving. These results can be explained by the limited penetration depth of 
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the electric field, ?. Penetration depth ? is defined as ? = ?(?H+ * Ri), with the specific protonic 
conductivity, ?H+ / S*cm-1 and the electrochemical volume resistance, Ri / ?*cm3 (see also 
equation 2.2-12 in chapter 2.2.3). The equation is valid only for linear regimes of 
current/potential curves, a condition, which is fulfilled in the potential range of about
0.3 – 0.45 V. A detailed description of the determination of the specific protonic conductivities 
is to be found in chapter 2.2.2. The results and investigation of the protonic conductivity are 
discussed in chapter 5.1.5. 
Fig. 5.2-3: Current density of MeOH oxidation in Pt/Ru catalyst layers as a function of the Pt/Ru loading, 
T = 60 °C, U = 0.3 and 0.35 V, 1 M MeOH, data taken from Fig. 5.2-2 
According to the theory described in [25], the current density should linearly increase with the 
square root of the thickness, which is confirmed by Fig. 5.2-4. Regarding the linear 
relationship between the thickness and the loading, the current density should also linearly 
increase with the square root of the catalyst loading.  
Based on the equation 2.2-12, penetration depths of 7 - 15 ?m for the potential range of 0.35 
– 0.4 V and the temperature range of 40 – 60 °C were calculated. 
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Fig. 5.2-4: Current density of MeOH oxidation in Pt/Ru catalyst layers as a function of the square root of the 
Pt/Ru loading. 
At a potential of 0.35 V and a temperature of 60 °C for instance, a penetration depth of 12 ?m
is determined. As shown in Fig. 5.2-1, a loading of 2 mg/cm² correlates with a layer thickness, 
which is close to the calculated penetration depth of 12 ?m. This means, that a loading of 
2 mg/cm² is the upper limit under these conditions, because higher loadings do not 
significantly improve the anode performance. As stated above, equation 2.2-12 (chapter 
2.2.3) used for the calculation of the penetration depth is valid only in the linear regime of 
current/potential curves. It means a constant electrochemical volume resistance. Because the 
specific proton conductivity in the catalyst layer can be assumed to be independent on the 
electrode potential, the penetration depth should also be independent on the potential. The 
same holds for the upper limit of the catalyst loading, which is independent on the anode 
potential within the linear regime, as can be seen from Fig. 5.2-3. 
Both the specific conductivity and the electrochemical volume resistance depend on the 
temperature. Because the conductivity increases and the resistance decreases with rising 
temperature, the activation energies of the proton transport and the methanol oxidation are 
the decisive values for the temperature dependence of the penetration depth. As known from 
the literature [51, 52], the activation energy of the proton transport in thoroughly humidified
Nafion is rather low (0.07 – 0.11 eV, i.e. 7.1 – 10.9 kJ/mol. The activation energy of methanol 
oxidation as reported in the literature is three to ten times higher, depending on the operating 
conditions (0.3 - 0.96 eV, i.e. 29 – 93 kJ/mol, see chapter 5.4). Therefore, the proton 
conductivity should slightly increase, whereas the electrochemical resistance should markedly 
decrease with increasing temperature. As a result, the penetration depth should decrease 
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with rising temperature. This is confirmed by the results from current/potential curves 
recorded at different temperatures (see Fig. 5.2-5). 
From Fig. 5.2-5, it turns out, that with increasing temperature, the upper limit of the loading 
decreases as follows: ca. 3 mg/cm² (40 °C), 2 mg/cm² (60 °C) and 1.5 mg/cm² (80 °C). It 
should be emphasized, that the coincidence of the calculated penetration depths and the 
upper limit obtained from the current/potential curves is rather good. This confirms the model 
of a limited depth of the electrochemical reaction inside the catalyst layer. 
As explained above, Pt-Ru loadings of more than the so-called upper limit, which means a 
thickness of the catalyst layer higher than the penetration depth, do not enhance the 
performance of the DMFC anode considerably. However, thicker anode catalyst layers could 
be useful under operation conditions of DMFC, because the methanol permeation is reduced, 
as discussed above [48, 49]. This effect can not be observed with half cell measurements as 
reported here and it can explain the reported upper limit of Pt-Ru loading of about 8 mg/cm² 
determined from single cell measurements [48, 49], which is four times higher than the value 
presented in this work. 
Fig. 5.2-5: Current density of the methanol oxidation in Pt-Ru catalyst layers as a function of the Pt-Ru 
loading, T = (40, 60, 80)°C, E = 0.3, 1 M MeOH, data taken from Fig. 5.2-2 
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5.3 Influence of hot-pressing conditions on the performance 
The final step of the MEA preparation consists in the hot-pressing of the electrodes onto the 
Nafion membrane.
The hot pressing process requires the setting of three parameters, which affect the structural 
and physical properties and thus the performance of the catalyst layer. These parameters are: 
hot pressing temperature, pressing force and pressing duration. They were varied according 
to table 4-2 (see chapter 4.5.1). The following effects of pressing parameters on the 
properties of the MEA components and their interfaces can be expected: 
Hot-pressing force
By applying a pressing force, the porosity as well as the thickness of the catalyst layer is 
expected to decrease. Hard metal catalyst particles will be partially pressed into softer 
materials like the Nafion membrane or into a PTFE substrate. Soft organic and compressible 
phases like Nafion and PTFE will be compressed or deformed. 
All the structural changes mentioned will probably affect the contact resistance, the mass 
transport and the active surface area. 
Hot-pressing temperature 
The most temperature-sensitive components of the MEA are the Nafion membrane and the 
Nafion phase in the catalyst layer. On the one side, the critical operation temperature of 
Nafion should not be exceeded. According to the literature [53], the glass transition 
temperature of Nafion of about 150 °C limits the hot-pressing temperature of the MEA’s. At 
still higher temperatures of 175 - 220 °C (see supplement M5), a degradation of the ionomer 
takes place, including a loss of the proton exchange function. On the other side, at 
temperatures much lower than the glass transition temperature, the ionomer will not flow and 
form good electrical (protonic) contact between the membrane and the Nafion phase in the 
catalyst layer [53]. 
Hot-pressing duration 
The combination of high pressing temperatures and long pressing durations will be fatal, if the 
hot-pressing temperature is close to the glass transition temperature or higher. However, it 
has to be proven, if structural changes of the Nafion phase occur even at lower pressing 
temperatures and long pressing durations.
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5.3.1 Influence of the hot-pressing force 
Influence of the pressing force on the half cell performance
Standard cathodes (see experimental section, chapter 4.3) and anodes (43 vol.% Nafion, 
catalyst loading 1.1 mg*cm-2) were prepared and pressed separately onto the Nafion 
membrane. The order of the pressing has been stated in respect to don’t influence the 
pressing force of the anode (see table 5.3-1). By both, the pressing duration of 3 minutes and 
temperature of 130 °C was applied. 
1. pressing step 
kN*cm-2
Electrode 2. pressing step 
kN*cm-2
Electrode
0.5  cathode 0 anode 
0.5  cathode 0.5  anode 
1  anode 0.5 cathode 
1.2  anode 0.5 cathode 
2.3  anode 0.5 cathode 
4  anode 0.5 cathode 
Table 5.3-1: Pressing conditions of the MEA 
 Quasi-stationary current/potential curves, impedance spectra and cyclic voltammograms 
were recorded. The microstructure of the surface and the cross-section of pressed and non-
pressed catalyst layers were investigated with scanning electron microscopy. Additionally, the 
porosity from the geometry of pressed and non-pressed samples was determined. 
Fig.5.3-1 shows the current density of methanol oxidation in dependence on the pressing 
force. As can be seen, the anode performance improves with increasing pressing force. At a 
pressing force higher than 4 kN/cm², depending on the anode potential, the current density 
remains almost constant (U = 0.35 V) or it still decreases (U = 0.4 V). 
In order to understand, why the increasing of the pressing force improves the current density, 
additional investigations like impedance measurements or cyclic voltammetry had to be 
performed.
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Fig. 5.3-1: Current densities of the methanol oxidation on Pt-Ru black obtained from quasi-stationary 
current-potential measurements in dependence on the pressing force 
From impedance spectra, the electrochemical RECH and the ohmic resistances RE were 
determined for the different hot-pressing forces, according the procedure described in the 
theoretical section (see chapter 2.2.3, Fig. 2-9). The result is plotted in Fig.5.3-2. As can be 
seen, both the electrochemical resistance and the ohmic resistance significantly decrease 
with increasing pressing force by a factor of 70 (electrochemical resistance, RECH) or 3 (ohmic 
resistance, RE). This result can be interpreted with an improvement of the electrical contact in 
the interface membrane / catalyst layer. At first, it provides a more homogeneous current 
distribution in the catalyst layer. Secondly, it increases the proton conductivity in the more 
compact catalyst layer. It should be noted, that the contact resistance in the membrane / 
catalyst layer interface enhances both the ohmic and electrochemical resistance. The 
considerable decrease of the electrode resistance is observed up to a pressing force of about 
1 kN/cm². At higher pressing forces, the electrochemical and ohmic resistances remain 
almost constant. This means, that very high pressing forces do neither improve the electrical 
contact and the current distribution nor the proton conductivity. However, as seen from 
Fig.5.3-1, the anode performance still improves up to a hot-pressing force of 4 kN/cm². Thus, 
another parameter must be responsible for the result shown in Fig.5.3-1. 
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Fig. 5.3-2: Electrical resistance, RE and electrochemical resistance, RECH, in dependence on the pressing 
force 
Fig. 5.3-3:   Active surface of the catalyst in dependence on the pressing force, active surface normalized to 
the catalyst loading 
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Such a parameter is the active surface of the catalyst, which was determined from cyclic 
voltamograms (see Fig.5.3-3). As seen from Fig.5.3-3, the effect of the pressing force on the 
active surface is similar to the influence of the pressing force on the anode performance. In 
the pressing force range of 0 to 1 kN/cm², the active area increases by a factor of 3, whereas 
the current density rises by more than one order of magnitude. In contrast, by increasing the 
pressing force from 1 to 4 kN/cm², both the active area and the performance increase by a 
factor of 2. 
This suggests, that in the pressing force range of 0 to 1 kN/cm², the improvement of the 
anode performance is due to a combination of beneficial effects like enhancement of active 
surface and proton conductivity as well as a reduction of contact resistances. At higher 
pressing forces, the performance seems to be dominated by the enlargement of the active 
zone.
The latter effect should be associated with a change of the microstructure of the catalyst layer 
and the interfaces of the different layers. Therefore, scanning electron micrographs of cross 
sections of the catalyst layers were recorded to obtain information concerning possible 
changes of the microstructure. From Fig.5.3-4, where SE micrographs of samples pressed 
with 0.5 and 4 kN/cm² are shown, it is evident, that the catalyst layer is partially pressed into 
the Nafion membrane, if a high pressing force of 4 kN/cm² is applied. Furthermore, the 
microstructure of the catalyst layer appears to be more compact.
Fig. 5.3-4:  Scanning electron micrographs of the cross-section of the interface catalyst layer / Nafion 
membrane; layer pressed with a pressing force of a) 0.5 kN/cm2 and b) 4 kN/cm2
a)             b) 
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Following structural changes are assumed to be responsible for the observed effects: 
- The pressing of the catalyst layer into the Nafion membrane causes an improved 
contact between both layers. This means both electrical (protonic) and mechanical 
contact between the catalyst layer and the Nafion membrane. Thus, the contact 
resistance decreases, the current distribution in the catalyst layer improves and the 
active surface is enlarged. Finally, the performance of the anode improves.    
- The densification of the catalyst layer decreases the electrical resistance and thus 
improves the current distribution in the bulk of the catalyst layer. The influence of the 
densification on the mass transport is more complex: a reduced thickness of the 
catalyst layer improves the mass transport, whereas a decreased porosity has the 
opposite effect. 
- The observed increase of the active surface can also be explained by the pressing of 
the catalyst layer into the membrane: a higher fraction of the Pt/Ru particles is 
contacted by the Nafion phase and the catalyst utilization increases.
If the densification affects the active surface or not, can hardly be concluded from the 
experiments performed.  
An improvement of the contact resistance can also be assumed for the interface catalyst layer 
/ backing layer. Unfortunately, the investigation of this interface by SEM was not possible: 
after breaking the samples, the backing layer detached from the catalyst layer. The 
delamination of the backing layer from the MEA was also observed after the removal of the 
sample from the electrochemical measuring apparatus, whereas the catalyst remained on the 
Nafion membrane. It demonstrates a much better mechanical contact between the catalyst 
layer and the Nafion membrane than between the backing layer and the catalyst layer.
As explained above, an increased pressing force compresses the catalyst layer and 
influences the mass transport. Fig. 5.3-5 shows the decrease of the open porosity and the 
specific thickness of the catalyst layer with rising pressing force. The decreasing trend is 
similar to that observed in the dependence of the ohmic and electrochemical resistance (see 
Fig.5.3-2): a rapid decrease up to a pressing force of 1 kN*cm-2, followed by a slight linear 
decrease at higher pressing forces. 
Whereas the thickness of the catalyst layer decreases by a factor of three, the porosity is only 
reduced from 90% to 70 %. This is no contradiction, since the open porosity of the un-pressed 
catalyst layer is rather high (ca. 90%) and the volume of the solid phase is low (ca. 10%). If 
for example the open porosity is reduced by a factor of three after hot-pressing, its volume still 
remains 3 times higher compared to the volume of the solid phase. This corresponds to a 
porosity of at least 70 %, which is about 20 % less than the value of the un-pressed layer.
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Fig. 5.3-5: Dependence of porosity and specific thickness on the pressing force
Based on these results, it is expected, that the mass transport in the anode catalyst layer 
improves with increasing pressing force, because the diffusion length is considerably 
decreased, whereas the porosity is only slightly reduced. 
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Influence of the pressing force on the single cell performance
After performing the half-cell measurements, polarization curves with Membrane Electrode 
Assemblies were recorded. Samples were prepared as described in the experimental section 
(see chapter 4.5). The characterization of these MEA’s should prove, if the beneficial effect 
observed in half-cell measurements can also be extended to the performance of the single 
cells. The MEA’s were prepared by hot-pressing the anodes at pressing forces of  
0.5 – 3 kN/cm², whereas the cathodes were always hot-pressed separately from the anodes 
under standard conditions (T = 130 °C, p = 0.5 kN/cm²). Fig.5.3-6 shows single cell 
polarization curves of MEA anodes hot-pressed at 1 and 3 kN/cm²: Astonishingly, an 
increased pressing force applied to the anode significantly worsens the MEA performance. 
This result can only be explained by a deteriorated cathode performance, which 
overcompensates the improved anode performance. A possible explanation for such an effect 
is enhanced methanol permeation from the anode to the cathode caused by a structural 
change of the anode.
Fig. 5.3-6:   Galvanostatic cell voltage/current characteristics of MEA’s with anodes pressed at 1 and 3 
kN/cm², T = 80 °C, 1 M methanol / air, ?= 4 
This assumption is validated by permeation measurements. Fig.5.3-7 shows both the 
permeation rate and the maximum power density as a function of the hot-pressing force 
applied to the anode. It is evident from Fig. 5.3-7 that the methanol permeation current and 
thus the permeation rate increase with the pressing force of the anode. Therefore, the mixed 
potential at the cathode shifts to more negative values and the cathode performance worsens. 
Together with the improved anode performance, the highest maximum power density is 
obtained at about 1 kN/cm². The significant increase of the methanol permeation can easily 
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be explained in terms of the methanol transport through the anode catalyst layer: With 
increasing pressing force, the methanol transport is accelerated, because the thickness of the 
anode catalyst layer and thus the diffusion length decrease significantly. Hence, the same 
effect, which is responsible for the improved anode performance is probably detrimental for 
the cathode performance.  
Fig. 5.3-7:   Maximum power density and methanol permeation current in dependence on the pressing 
force, for measuring conditions see Fig. 5.3-6 
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5.3.2 Influence of the hot-pressing temperature and duration
Influence of the hot-pressing temperature
The hot-pressing temperature was varied in the range of 25 – 130 °C. Impedance spectra and 
quasi-stationary current voltage curves of methanol oxidation were recorded. 
Fig. 5.3-8: Influence of the hot-pressing temperature (Tpress = 25, 80 and 130 °C) on the current/potential 
curves of methanol oxidation; T = 60 °C, 1 M MeOH, 43 vol.% Nafion, Pt/Ru: 1.1 mg/cm² 
As shown in Fig. 5.3-8, the best anode performance is obtained with the sample, which was 
pressed at the highest temperature (130°C). At medium pressing temperature (80°C) the 
performance is comparable up to a potential of 0.4V. At higher potentials, a reaction limiting 
current appears, which is significantly lower than the maximum current density, which can be 
obtained at a pressing temperature of 130 °C. The sample pressed at room temperature 
(25°C) exhibits by far the lowest current densities of methanol oxidation. In comparison with 
the values obtained at pressing temperatures ? 80 °C, the current densities decrease by a 
factor of 2 to 2.6.  
After the removal of the samples from the test cell, a delamination of the catalyst layer from 
the Nafion membrane was observed in case of the samples pressed at temperatures of 25°C. 
In the case of samples pressed at temperatures of 80°C, just the carbon cloth and parts of the 
backing layer were delaminated, but the catalyst layer remained on the Nafion membrane. 
The delamination is a consequence of a bad mechanical contact between different layers and 
components of the MEA. A bad mechanical contact also implies a bad electrical contact. This 
means a higher resistance for the proton transport between the membrane and the catalyst 
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layer and/or a higher resistance for the electron transport between the catalyst layer and the 
backing layer. Both effects enhance the ohmic resistance of the DMFC anode.  
Measuring conditions: 
T= 50°C, E = 0.35V 
Tpress = 25°C Tpress = 80°C Tpress = 130°C 
Electrical resistance / 
?*cm²
1.8 1.2 0.8 
Table 5.3-2: Dependence of electrical resistances on the hot-pressing temperature, data obtained from the 
high frequency limit of impedance spectra
This is confirmed by impedance measurements of the anode. As can be seen from Table
5.3-2, the ohmic resistance obtained from the high frequency limit of the impedance spectra 
decreases with increasing hot-pressing temperature. It can be concluded, that a hot-pressing 
temperature nearby the glass transition temperature (150 °C) is necessary to ensure a good 
electrical contact between the Nafion phase in the catalyst layer and the Nafion membrane. 
This enables a fast transport of protons from the anode catalyst layer into the membrane and 
a homogeneous current distribution. 
Influence of the hot-pressing duration
Hot-pressing is an energy consuming and cost intensive step of MEA fabrication. From the 
economical point of view, the hot-pressing temperature, pressure and duration should be as 
small as possible. On the other hand, these parameters should be high enough to ensure a 
good contact between the MEA components. In any case, it has to be proven, if the hot-
pressing temperature can be reduced at the expense of a prolonged pressing duration. It has 
been shown above, that at a pressing force of 4 kN/cm², the performance of the anodes 
pressed at 80°C and 130°C are comparable up to a potential of 0.4 V. Only when the anode 
potential exceeds 0.4 V, the higher pressing temperature results in higher current densities. 
This result suggests to decrease the hot-pressing temperature down to 80 °C and to prolong 
the pressing duration.
For this purpose, three standard anodes with constant composition (37 vol.% Nafion) and 
catalyst loading (1.1 mg*cm-2) were prepared and pressed onto the Nafion membrane, where 
standard cathodes were already pressed before (similar as described in the chapter 5.3.1). A 
hot-pressing temperature of 80°C and a pressing force of 0.5 kN*cm-2 were applied. The hot-
pressing duration was 3, 30 and 60 minutes.
Quasi-stationary current voltage curves, cyclic voltammograms and impedance spectra of the 
anodes were recorded. In Fig. 5.3-9, current/potential curves are shown for samples pressed 
at 80°C and three different pressing durations. For comparison, a curve of a sample pressed 
at standard conditions (130°C, 2 minutes) is also shown. It turns out, that at low pressing 
durations (2 or 3 minutes) and a pressing force of 0.5 kN/cm², a higher hot-pressing 
temperature (130°C) is favorable. In contrast, a prolonged pressing duration results in a 
significant decrease of the current density by a factor of 2-3.  
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Fig. 5.3-9: Influence of the hot-pressing duration on current/potential curves of methanol oxidation on Pt-Ru 
black (loading: 1.2mg*cm-2)
The electrochemical and the ohmic resistances were determined for the different hot-pressing 
durations. As seen from table 5.3-2, both the electrochemical and the ohmic resistances 
increase by almost two orders of magnitude.
Measuring conditions: 
T= 60°C, E = 0.35V 
tpress = 2 min 
Tpress = 130°C 
tpress = 3 min 
Tpress = 80°C 
tpress = 30 min 
Tpress = 80°C 
tpress = 60 min 
Tpress = 80°C 
Ohmic resistance, 
RE / ??cm?
0.08 1.2 7 70 
Electrochemical
resistance, RECH / ??cm2
0.27 1.8 42 >160 
Active surface area 
A / cm2*cm-2
450 432 71 116 
Table 5.3-2: Dependence of electrical and electrochemical resistances on the hot-pressing temperature and 
the pressing duration 
The dramatic increase of both resistances can only be interpreted in terms of the 
microstructure and distribution of the Nafion and the Pt-Ru phases in the catalyst layer. This 
is supported by a pronounced decrease of the active surface by a factor of 4, if the pressing 
duration is increased from 3 minutes to 60 minutes. The decrease of the active surface 
corresponds with the deterioration of the anode performance (see Fig.5.3-9). 
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Generally, a diminution of the active surface can be explained by the following effects: 
- agglomeration of the catalyst particles, which results in a decrease of the catalyst 
surface
- coarsening of the Nafion phase, which implicates a decrease of the ionomer/catalyst 
interface and the catalyst utilization. 
However, galvanostatic aging experiments combined with XRD measurements have shown, 
that the growth of catalyst particles proceeds in the time scale of some hundred hours up to 
thousands of hours, not within 30 or 60 minutes [54]. Furthermore, platinum ruthenium has 
been found to be stable against particle growth up to an operating time of 3500 hours [54]. 
XRD measurements yielded a Pt/Ru particle size of 5 nm [54]. Therefore, the growth of 
moderate effect cannot explain the significant effects described above. Due to they reasons, a 
coarsening of the Nafion phase has to be responsible for the deterioration of anode 
performance.  This asumtion is confirmed by scanning electron micrographs of platinum black 
cathodes before and after 3500 hours of fuel cell operation (see Fig. 5.3-10a-d): A virgin 
catalyst layer (see Fig. 5.3-10a,c) shows the typical film-like structure of Nafion. After 
3500 hours of the galvanostatic aging experiment, the Nafion ‘film’ has vanished and the 
Nafion phase is difficult to detect (see Fig. 5.3-10b,d). Instead of the ‘film’ structure, Nafion 
fibers can be observed. It appears as if the Nafion film has rolled up to form Nafion fibers. 
This means, that a separation of the catalyst and the ionomer phases takes place, which 
reduces the contact area between platinum and Nafion. A similar effect is expected in the 
case of unsupported Pt/Ru catalyst layers, which explains a pronounced decrease of the 
active surface.   
It can be concluded, that a hot-pressing duration of more than 3 minutes in combination with a 
pressing force of at least 0.5 kN*cm-2 is detrimental for the anode performance and has to be 
avoided. The results are also important for the long term behavior of DMFC MEA’s: During a 
gaIvanostatic aging test, the average pressing force of the endplates onto the MEA amounts 
to 0.3 kN/cm² [55]. This pressing force is lower than that applied during the hot-pressing 
process (typically 0.5 kN/cm²), but is in the same order of magnitude. Moreover, this 
considerable pressing force is applied over a period up to several thousand hours at a 
temperature of e.g. 80 °C. In other words, the conditions of galvanostatic single cell tests may 
have a similar or even stronger detrimental effect on the performance as those of long hot-
pressing procedures. Thus, it is not astonishing, that MEA’s made with unsupported catalysts 
exhibit a marked decrease of the cell voltage especially in the first 500 hours of fuel cell 
operation [54].
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     a)                   b) 
     c)                     d) 
Fig. 5.3-10:  Scanning electron micrographs of Pt black catalyst layers before (a,c) and after 3500 hours 
(b,d) of galvanostatic fuel cell operation (j = 125 mA/cm², T = 80°C), magnification 500 x (a,b) and 18.000 x 
(c,d)
Nafion
fibers 
Nafion
film
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5.4 Model electrode versus MEA 
Two kinds of measuring apparatus were designed, in order to perform electrochemical 
measurements of the anode separately from the cathode.
1. One of them was intended for measurements performed with model electrodes (see 
chapter 3.1.1).
2. The construction of the other apparatus was adjusted for measurements with the 
Membrane Electrode Assembly (for details see chapter 3.1.2. and Fig. 4-1 in the 
chapter 4.5). 
Before the systematic investigation of structural and electrochemical properties of anode 
catalyst layer was started, preliminary experiments with both apparatus were performed. The 
aim was to compare their advantages and disadvantages and chose the appropriate one for 
further investigations. The advantage of the model electrode system is an easier preparation 
of the sample, but it doesn’t consider important structural aspects, which are essential for the 
investigation of the catalyst layer structure. 
For this purpose, several Pt-Ru black catalyst layers were prepared as model electrode and 
as anode catalyst layer part of a MEA. With both of them, electrochemical measurements 
were performed with respect to the influence of the temperature and the methanol 
concentration.
Generally, half-cell measurements with a ‘four-electrode arrangement’ can be performed in 
both systems. The four-electrode arrangement includes the anode as working electrode, the 
cathode as counter electrode, a reference electrode and an auxiliary electrode, which was in 
our case connected to the working electrode and eliminated the potential drop in the wires. 
Such electrode arrangement allows that the equilibrium potential which establishes on the 
reference electrode is independent on the current, which is flowing through the working and 
counter electrode. This allows also to investigate the overpotential at the anode separately 
from the effects occurring at the cathode. 
Unlike the mercury / mercury sulfate reference electrode, which was applied in the model 
electrode apparatus, a quasi - reversible hydrogen electrode was used in the system with the 
MEA. The quasi - reversible hydrogen electrode had the same composition like the cathode 
(see chapter 4.3.1) and it had a ring-shaped geometry surrounding the counter electrode 
(cathode) as a part of the MEA (see Fig. 4-1 in the chapter 4.5). Both the reference electrode 
and the cathode were placed in pure water, where hydrogen generation takes a place, when 
electrical current flows through the cathode. The electrochemical reactions, occurring on the 
cathode and the reference electrode obey the equation: 
2H+ + 2e- ? H2  5.4-1 
A disadvantage of such reference electrode is the reference potential dependence on the 
partial pressure of the hydrogen, which depends on the current density, flowing through the 
cathode. In the first investigations, the partial pressure of the hydrogen was held constant by 
purging and saturating of water with hydrogen for 30 minutes before starting the experiment. 
In the later experiments the purging process was replaced by applying a small negative 
current of not more than 100 ?A between the counter and reference electrode. For that 
purpose, an independent constant current supply (2 alkali batteries) was used (see Fig. 5.4-
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1). The negative current means a continuous and definite evolution of a small amount of 
hydrogen at the reference electrode, which provides a stable reference potential over the 
period of the short-time experiments performed.   
Before the systematic investigation of structural and electrochemical properties of anode 
catalyst layer was started, preliminary experiments with both apparatus were performed. The 
aim was to compare their advantages and disadvantages and chose the appropriate one for 
further investigations. 
Fig. 5.4.-1:    Four-electrode arrangement using a separate current supply to ensure a constant hydrogen 
pressure and potential at the reference electrode
5.4.1 Influence of the temperature 
Quasi-stationary current/potential curves (dU/dt = 0.5 mV/s) of methanol oxidation were 
recorded with both apparatus at temperatures from 30°C to 60°C. The linear and Tafel plots 
of the methanol oxidation on the model electrode are shown in supplement: Figs. S5.4-1 and 
S5.4-2 and the same plots for the methanol oxidation on the MEA anode are shown in 
supplement: Figs. S5.4-3 and S5.4-4. It is striking, that the current densities of the methanol 
oxidation in the MEA anodes are more than one order of magnitude higher than that obtained 
with the model electrodes (see Fig. S5.4-1/S5.4-3). Even if the higher loading of the MEA
anode is taken into account (1.9 instead of 0.5 mg/cm²), the normalised current density is still 
higher by a factor of 4 electrodes (see comparison in Fig.5.4-5).
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Fig. 5.4-5: Comparision of Tafel plots for the model electrode and the MEA: T = 60°C, 1 M CH3OH,  current 
density normalised to the catalyst loading; data taken from figures S5.4-3 and S5.4-4 
The maximum current density occurs in the MEA anode in the potential range of 0.6 – 0.7 V. 
Compared to the model electrode, this value is about 100 – 200 mV lower. The current 
density limitation at potentials higher than 0.6V is due to the formation of surface oxides [12, 
56]. Because ruthenium is easier to oxidize than platinum, the CO2 evolution is more 
pronounced on Pt-Ru instead of platinum (for details see chapters 2.2.4 and 5.5).
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-6
-5
-4
-3
-2
-1
0
lo
g 
(j L
 / 
A*
cm
-2
)
E (RHE) / V
 MEA anode
T = 60°C, 1M CH3OH
 model electrode
T = 60°C, 1M H
2
SO
4
 + 1M CH
3
OH
96
Fig. 5.4-6 Arrhenius plots of current density of methanol oxidation on the model electrode and in the MEA; 
Pt-Ru black (1:1), 0.5 and 1.9 mg/cm2, 1M H2SO4 , 1M CH3OH, E = 0.4 V or 0.32 V respectively; data taken 
from the Fig. S5.4-2 and S5.4-4 
From the slope of the linear regression of the Arrhenius plot (Figs. 5.4-6), an activation energy 
and a pre-exponential factor were calculated (se equations 5.4-2 and 5.4-3) for both model 
electrode and MEA anode (see Table 5.4-1). It should be pointed out, that both parameters 
are apparent values, because the coverage of the adsorbed species may change with 
temperature and several partial steps may be rate determining. Furthermore, the values are 
strongly depending on the potential. 
System Activation 
energy
kJ/mol
Pre-exp. factor 
j / A*cm-2
Tafel slope B ??mV
   30°C     40°C     50°C    60°C 
Model
electrode*
49  7.4*104 123 113 140 141 
MEA anode** 93 1.7*1013 56 41 53 52 
Table 5.4-1: Kinetic parameters of the temperature dependence of the methanol oxidation at the model 
electrode and at the MEA anode (i.e. 30, 40 , 50, 60 °C), *E = 0.4 V, **E = 0.32 V  
The data of the activation energy and pre-exponential factor in the table table 5.4-1 were 
calculated according equations: 
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? ?T
j
R
Em a
/1
log
3.2 ?
????   5.4-3 
Ea activation energy 
j? pre-exponential factor 
m slope of the Arrhenius plot 
The data of the Tafel slope in the table 5.4-1 were then calculated according equations: 
? ? ? ? jBAjnF
RTj
nF
RT
D loglog3.21
log3.2
1 0
??????? ???   5.4-4 
? ? j
E
nF
RTB
log1
3.2
?
????? ?   5.4-5 
? activity
j0 exchange current density 
B Tafel slope 
Fig. 5.4-6 shows an arrhenius plot of the methanol oxidation on the model electrode at a 
potential 0.4V and in the MEA anode at the potential 0.32 V. Different potentials had to be 
chosen, because the values of current densities must be taken from the linear part of the 
Tafel plot (see Fig. S5.4-2 and S5.4-4). Values of the activation energy and the pre-
exponential factor obtained in the MEA anode are considerably higher than those obtained 
with the model electrode (see table. 5.4-1). Even the comparison of the activation energy (in 
our case 48 kJ/mol) with published data for the methanol oxidation at Pt-Ru catalysts: 
95 kJ/mol [41], 84 kJ/mol [59], 60 kJ/mol [60], 29 kJ/mol [61]; is difficult due to such wide 
range. However, it should be considered, that the activation energies are apparent values, 
because the coverage of the adsorbed species (CO, COH, OH etc.) are changing with the 
potential, the temperature and obviously also with the kind of Pt-Ru catalyst used. Therefore, 
one has to be careful by comparing the different results reported in the literature.
The significant difference of the performance and the kinetic data of model anodes and MEA
anodes can not be explained by the different electrode potentials, because the slopes of the 
Tafel plots at different temperatures and thus the activation energies and the pre-exponential 
factors are less depending on the temperature (see table 5.4-2). 
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Because the most important difference of both systems is the addition of sulfuric acid in case 
of the model system, the presence of protons and sulfate ions within the hydrophilic pores of 
the catalyst layer should be responsible for the observed effects. The protons provided by the 
sulphuric acid electrolyte are expected to have a beneficial influence on the performance, 
because they enable a higher number of catalyst particles to be in contact with a proton 
conducting phase. The opposite effect is observed, which means a pronounced decrease of 
the anode performance. This effect can only be explained by a strong inhibiting influence of 
the sulfate ions on the methanol oxidation. It means, that the methanol oxidation, which 
proceeds in the interface of the catalyst and the proton conducting phase (here, Nafion phase 
or sulphuric acid electrolyte), is surpressed by addition of sulfuric acid. If this explanation is 
true (will be checked in the next chapter), the methanol oxidation current in the hydrophilic 
pores in the model anode is much smaller than compared to the oxidation current in the 
hydrophilic pores of the MEA anode catalyst layer. Vice versa, it means, that the methanol 
oxidation at the active sites in the hydrophobic pores via the transport of gaseous methanol is 
more important in the case of the model electrode, because sulphate ions are assumed to be 
responsible for surpressing of the oxidation in hydrophilic pores. A change of the reaction 
mechanism taking place predominantly via liquid methanol (MEA anode) or gaseous 
methanol (model anode) would also explain the dramatic change of the activation energy and 
the pre-exponential factor. A further consequence of this discussion is, that in MEA anode 
catalyst layers the methanol oxidation takes place preferentially in the hydrophilic pores, as 
seen from the current density of the methanol oxidation, which was in the case of MEA anode 
one order of magnitude higher than in the case of model anode (see Fig. 5.4.5). However, the 
presence of hydrophobic pores in MEA anodes is also important for the removal of CO2 as 
described in the chapter 5.1., and for the transport of gaseous methanol.  
In order to check the influence of sulphate ions on the methanol oxidation, the concentration 
of sulphuric acid in the methanol solution was varied as described further (see next chapter). 
5.4.2 Influence of the concentration of sulfuric acid 
As stated in the last chapter, the presence of sulfuric acid in the hydrophilic pores of the 
anode catalyst layer can be regarded as the most important difference between the model 
electrode and the MEA anode catalyst layer. Therefore, it was obvious to check the influence 
of the concentration of sulfuric acid on the methanol oxidation in MEA anodes. For this 
purpose, 1 M aqueous methanol solutions were prepared with different concentrations of 
sulfuric acid (0, 0.01, 0.05, 0.1, 0.5 and 1M). At first, cyclic voltamograms were recorded with 
a scan rate of 20 mV/s. From the hydrogen desorption peaks occurring in the voltamograms, 
charges of hydrogen adsorption and active platinum surfaces of the catalyst were calculated 
as described in chapter 3.1.4. Fig. 5.4-7 shows the calculated values as a function of 
concentration of sulfuric acid. By increasing the sulfuric acid concentration from zero (pure 
water) to 0.1 M, the active area is enhanced by a factor of 2. 
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Fig. 5.4-7: Electro-active platinum surface as a function of concentration of sulfuric acid (0, 0.01, 0.05, 0.1, 
0.5 and 1 mol/l), values calculated from hydrogen adsorption peaks. 
This result can simply be explained by an extension of the reaction zone by filling the pores of 
the catalyst layers with protonic conducting electrolyte. At concentrations higher than 0.5 M, 
the active area slightly decreases. The latter effect could be due to an increasing coverage of 
the platinum surface with sulfate ions. 
In order to determine the influence of the concentration of sulfuric acid on the performance of 
methanol oxidation, quasi-stationary current/potential curves were recorded with a scan rate 
of 0.5 mV/s at a temperature of 40 °C. The current/potential curves obtained with different 
concentrations of sulfuric acid are shown in Fig. 5.4-8. The current densities shown in this plot 
are normalized to the active surface area of catalyst. By addition of sulfuric acid, the current 
density is decreased by a factor of 4. This result is in accordance with a six-fold higher 
adsorption rate found for the sulfate-free solutions (see [60], Table 1) and with an increase of 
the currents measured in steady state condition, as discussed in the Skundin et.al. [60]. Both
results support the assumption of a hindering effect of sulfate ions. As shown in Fig. 5.4-8, the 
current density of methanol oxidation decreases with increasing concentration of sulfuric acid 
up to 0.1 M. At higher concentrations, the current density remains almost constant. This result 
is valid up to the electrode potential of 0.45 V.
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Fig. 5.4-8:  Quasi-stationary current potential curves (Scan rate: 0.5 mV/s) of the methanol oxidation 
obtained with different concentrations of sulfuric acid, T = 40 °C, 1 M methanol; current density normalized 
to the active surface area of platinum shown in Fig. 5.4-7. 
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5.4.3 Influence of methanol concentration 
The methanol concentration was varied from 0.01 M to 1 M methanol in water (0.01M , 
0.05M, 0.1M, 0.5M, 1M). Recorded quasi-stationary current/potential curves of the methanol 
oxidation in a model electrode and in a MEA anode for different methanol concentrations are 
shown in the supplement: Figs. 5.4-9 and 5.4-10. Data from these figures were used for the 
construction of double-logarithmic plots of the model electrode and the MEA anode, which are 
shown in Figs. 5.4-11 and 5.4-12.  From the slopes of double-logarithmic plots of the current 
density vs. methanol concentration, apparent reaction orders can be determined by applying 
following equation 5.4-6:
OHCHc
jm
3
log
log
?
?? 5.4-6
m reaction order 
cCH3OH concentration of the methanol solution 
Generally, the apparent reaction orders obtained with the MEA anodes (see Fig. 5.4-11) at 
the same potential are considerably higher than those obtained with the model electrodes 
(see Fig. 5.4-12). At potential of 0.5 V, m equals 1.4 compared to a value of 0.7 calculated for 
the model electrode (see Fig. 5.4-11/5.4-12). The difference of these values by a factor of 2 is 
not astonishing, since the methanol oxidation on the MEA anodes is much faster, i.e. the 
limiting current is reached at potentials, which are lower by several hundred millivolts. This 
means that in the case of the MEA anode, at a potential of e.g. 0.4 V, the limiting current is 
almost reached, while in the case of the model electrode, the current density at the same 
potential is much smaller than the limiting current. Concerning the surface coverage with 
adsorbed species, it means, that on the model electrode, the surface is mostly covered by 
COH or CO at 0.4 V, while the surface of the MEA anode is mostly covered by OH etc. 
Hence, different partial steps of the overall reaction may be rate determining at the same 
potential on the model and the MEA anodes. According to Kauranen [12], at low coverages of 
COad / COHad, the oxidation of COad / COHad is rate determining step, whereas at high 
coverage of of COad / COHad, the adsorption / dehydrogenation of methanol is rate 
determining. The high value of m = 1.4 at 0.5 V, obtained with MEA anodes is caused by a 
decrease of the current density at low methanol concentrations, which is probably due to the 
formation of Ru-oxides, as proposed also in [12 and 56] (see supplement Fig. 5.4-10). 
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Fig. 5.4-11: Double-logarithmic plot of the current density versus methanol concentration obtained with the 
model electrode: E = (0.3, 0.4, 0.5) V, data taken from the Fig. S5.4-8 
Fig. 5.4-12: Double-logarithmic plot of the current density versus methanol concentration obtained with the 
MEA anode: E = (0.3, 0.4, 0.5) V, data taken from the Fig. S5.4-9 
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As discussed above, in spite of the higher active surface area, caused by an increased 
number of catalyst particles in contact with protons, sulfate ions significantly inhibit the 
kinetics of methanol oxidation. In case of 1 M sulfuric acid, the anode performance decreases 
by a factor of 4. Moreover, kinetic parameters like activation energies, pre-exponential factors 
and reaction orders are changed, if sulfuric acid is present in the catalyst layer. Furthermore, 
MEA anode catalyst layers behave more similar to those in technical fuel cells, because the 
same components and layers are used. Therefore, I have decided to perform the 
electrochemical experiments by using MEA anodes instead of model electrodes, although the 
preparation of MEA’s is more complex. 
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5.5 Modeling of kinetic parameters 
The mathematical model of Harrington and Conway as described in the chapter 2.2.4 and in 
the supplement A was applied to fit quasi-stationary current/potential curves, which were 
recorded at a temperature of 60 °C and different Pt/Ru loadings of 0.5 – 1.7 mg/cm². The 
curves are shown in Fig.5.5-1. As expected, the current density of methanol oxidation and 
thus the anode performance increases with the catalyst loading. This result is in accordance 
with the data presented in chapter 5.2.
Apart from the change of the anode performance, a second important feature of the 
current/potential curves is observed: At electrode potentials higher than 400 mV/RHE, the 
shape of the current/potential curves changes noticeably as a function of the Pt-Ru loading. 
At the highest catalyst loading of 1.7 mg/cm², the current/potential curves flattens, but the 
current density still increases with potential. If the loading is reduced, the current/potential 
curves flattens even more and reaches a limitation current at 1.1 mg/cm². Finally, at the 
lowest Pt-Ru loading (0.5 mg/cm²), the current density decreases at high electrode potentials 
and the current potential curve exhibits a distinct maximum. 
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Fig. 5.5-1: Quasi-stationary current/potential curves of methanol oxidation on the Pt+Ru black (1:1): 0.5, 1.1, 
1.5, 1.7mg*cm-2, 1M CH3OH, (dU/dt = 0.5 mV/s) 
The experimental data obtained with the highest Pt-Ru loading have been computed by using 
the two mechanisms described in the chapter 2.3. Fig. 5.5-2 shows a comparison of the 
experimental and of the fitting current/potential curve obtained with both mechanisms, ‘A’ and 
‘B’.
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Fig. 5.5-2: Comparision of the measured and fitted quasi-stationary current/potential curves of methanol 
oxidation: measured data Pt+Ru black (1:1), 1.7 mg/cm2, 1M CH3OH, (dU/dt = 0.5 mV/s), T = 60°C; fited 
data according to the mechanism A and the mechanism B 
As can be seen, both mechanisms yield a satisfying fit at potentials up to 400 mV vs. RHE. At 
higher potentials, only mechanism ‘B’ gives a good approximation of the experimental data. 
The simple reason is, that mechanism ‘A’ only involves one oxygen containing species on the 
catalyst surface (OHad), whereas mechanism ‘B’ also includes a second adsorbed oxygen 
species, Oad, which is probable formed on the ruthenium surface and which allows to simulate 
the measured data by two additional reaction steps (see chapter 2.2.4). Kinetic parameters 
obtained from the fitting of quasi-stationary current/potential curves allow us to model curves 
of fractional coverage in dependence on the potential (see Fig. 5.5-4c to 5.5.-8c in the 
supplement). As can be seen from Fig. S5.5-4c, the fractional coverage of (COad + COH)ad
decreases and the coverage of OHad increases with the electrode potential, which is in 
accordance with the results presented by Kauranen [5, 12]. The coverage of the other 
adsorbed intermediates is rather small and not shown in this figure. If the measured data are 
simulated by using mechanism ‘A’, the coverage of the adsorbed species tends to a constant 
value at high electrode potentials, as seen from Fig. S5.5-4c. Thus, the fit curves according to 
mechanism ‘A’ will always show a limiting current behavior at high potentials, but never an 
increase, decrease or maximum of the current. Hence, mechanism ‘A’ is unfit to describe the 
methanol oxidation on Pt-Ru catalyst at higher electrode potentials. 
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Fig. 5.5-3:   Measured and fitted current/potential curves of the methanol oxidation on the Pt-Ru black (1:1): 
T = 60°C, 1M CH3OH; data were fitted with the mechanism ‘B’ 
Against it, the fit curves of the current/potential curves according to mechanism ‘B’, where the 
reaction of the adsorbed oxygen Oads is also taken into consideration show a satisfying 
approximation of the experimental data in the whole range of potential (see Fig. 5.5-2). 
Because mechanism ‘B’ involves two adsorbed oxygen species, OHad and Oad, it is possible 
to obtain good fit results even at higher electrode potentials, if Oad is formed at the expense of 
OHad. Therefore, the fractional coverage of OHad exhibits a maximum at about 460-500 mV, 
as seen from Fig. 5.5-9. Because the computation of the experimental data on the basis of 
mechanism ‘B’ yields much better fit results than the calculation with mechanism ‘A’, the other 
current/potential curves have been fitted exclusively by using mechanism ‘B’. The fit results of 
the current/potential curves for the experiments with Pt-Ru loadings of 1.7, 1.5, 1.1 and 0.5 
mg/cm² are shown in Fig. 5.5-3. For all the experimental current/potential curves, satisfying fit 
curves are obtained. Whereas the fractional coverages of (CO+COH)ad and Oad are similar for 
the different Pt-Ru loadings (see Figs. S5.5-5 to S5.5-8), the maximum coverage of OHad
decreases from ? = 0.84 at 1.5 mg/cm² to ? = 0.67 at 0.5 mg/cm², as shown in Fig. 5.5-9. This 
means, that the sum of the coverage of both oxygen species decreases with decreasing 
catalyst loading. Furthermore, the maximum of the OHad adsorption peak shifts from 0.46 V to 
0.5 V (Fig. 5.5-9). According to the theory described in chapter 2.2.4, the oxidation of CO to 
CO2 is co-catalyzed by ruthenium, because the coverage of oxygen species increases at 
lower electrode potentials. Therefore, the decrease of the oxygen coverage suggests, that the 
effect of the ruthenium as a co-catalyst worsens with decreasing catalyst loading.
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Fig. 5.5-9: Fitted coverages of OHads on Pt-Ru black (1:1), loadings (0.5, 1.1, 1.5, 1.7) mg*cm-2, T = 60°C, 
1M CH3OH; data were fitted with the mechanism ‘B’ 
In recent works, the current density of methanol oxidation was found to increase proportional 
with the square root of the Pt/Ru loading (see chapter 5.2). Thus, the rate constants k (see 
supplement A), which are proportional to the current density, have to be normalized to the 
square root of the catalyst loading. The calculated values of the equilibrium rate constants k
of the slow and rate determining steps are summarized in table1. The values of the other rate 
constants k are less meaningful, because these constants can be changed by orders of 
magnitude without any significant change of the fit quality. As can be seen from table 1, the 
rate constants k‘01 and k‘05 calculated with mechanism ‘A’ and ‘B’ for a Pt-Ru loading of 
1.7 mg/cm² are quite similar. This is not astonishing, since the rate constants k‘01 and k‘05 are 
associated with reactions preferentially taking place onto the platinum surface. These 
constants are nearly independent on the catalyst loading. In contrast, the rate constants k‘09
and k‘010, which predominantly correlate with reactions on the ruthenium surface, increase 
with rising Pt/Ru loading. Again, this result shows on diminished catalytic effect of the 
ruthenium with decreasing catalyst loading. Both the results obtained from the OHad coverage 
and the rate constants suggest, that the ruthenium content in the Pt-Ru catalyst is not 
sufficient, if the catalyst loading drops below a critical value. Vice versa, it can be assumed, 
that a critical ruthenium surface is necessary to ensure a good catalytic activity of the Pt-Ru 
catalyst. This result is important from a practical point of view, because it suggests to adapt 
the stoichiometry of the catalyst to the Pt-Ru loading of the catalyst layer. It means to 
increase the ruthenium content with decreasing Pt-Ru loading and vice versa. Our results 
may also explain different stoichiometries of Pt-Ru catalyst which are proposed from several 
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authors to be optimal for obtaining high anode performance. Several authors report the 
highest rate of methanol oxidation to be obtained in the presence of a 1:1 Pt/Ru atomic ratio 
/Arico et.al. [61], Watanabe et al. [62], Goodenough and co-workers [63], Chu and Gilman 
[59], C. He et.al. [64]/. Other studies suggest optimal Pt-Ru compositions with lower Ru 
surface contents in the range of 10 to 33 at.% Ru /Gasteiger et al. [58]/, 15 at.% Ru / Frelink 
et al. [66] / or 10 to 40 at.% Ru / Iwasita and co-workers [65]. As pointed out by Arico et al. 
[61], the optimal Pt/Ru composition for methanol oxidation depends on the preparation of the 
Pt-Ru catalyst and on the electrolyte. The influence of the temperature is not yet clear: 
Whereas Gasteiger et al. [58] observed an increase of the optimal Ru content with rising 
temperature, Chu and Gilman [59] found an optimal Pt-Ru ratio of 1:1 independent on the 
temperature. However, the surface composition of Pt-Ru may deviate from the bulk 
composition. According to McNicol and Short [67], hydrogen activated Pt-Ru catalyst shows 
an enrichment of platinum at the surface of the catalyst, whereas oxygen activation leads to 
an enrichment of ruthenium. For an unsupported Pt-Ru catalyst with a 1:1 bulk composition, 
Arico et al. [61] determined a surface fraction of 40 at.% Ru.   
Pt-Ru loading / mg*cm-2
(index A: mechanism A, index B: mechanism B) 
k‘0i / 
mol*mg-0.5*cm0.5*s-1
0.5B 1.1B 1.5B 1.7B 1.7A
k‘01 9.9 E-07 1.2 E-06 1.1 E-06 1.1 E-06 1.1 E-06 
k‘05 1.4 E-06 9.5 E-07 9.0 E-07 8.5 E-07 7.7 E-07 
k‘09 4.2 E-06 4.7 E-06 5.0 E-06 7.7 E-06 - 
k‘010 9.9 E-07 9.5 E-07 1.1 E-06 2.4 E-06 - 
Table 1:  Equilibrium rate constants of the reaction steps 1, 5, 9 and 10 (see chapter 2.3) calculated for 
different Pt/Ru loadings and reaction mechanisms and normalized to the square root of the catalyst loading
A systematical investigation of an optimal stoichiometry adjusted to the loading requires a 
time consuming preparation of catalysts with varying atomic ratios of the Pt-Ru alloy and 
could not be performed in the frame of my thesis. Anyway, the additional reaction steps based 
on the adsorbtion of the oxygen species on the Ru surface and following oxidation of the 
adsorbed carbon monoxide helped us to understand before unexplained methanol oxidation 
on potentials higher than 0.45 V. 
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6. Summary
The relationship between the structural and physico-chemical properties of thin anode 
catalyst layers of the Direct Methanol Fuel Cell (DMFC) was investigated. The anode catalyst 
layers were based on two materials: a. an alloy made of platinum and ruthenium with an 
atomic ratio of 1:1, which catalyses the methanol oxidation b. Nafion?, a proton conducting 
polymer (ionomer), which extends the active surface and thus improves the performance of 
the DMFC anode. The anode catalyst layers were prepared as part of DMFC single cells 
called membrane electrode assembly (MEA) by a spraying process and hot-pressed onto a 
Nafion membrane.
The influence of the ionomer content, the catalyst loading and the hot-pressing conditions on 
structural and physico-chemical properties was investigated. As structural properties, the 
porosity, the pore size distribution, the fraction of hydrophilic and hydrophobic pores, the layer 
thickness and the microstructure were determined. The methods used for the determination of 
the structural data were mercury and standard porosimetry and scanning electron microscopy 
(SEM) combined with energy dispersive X-Ray microprobe analysis (EDX). The physico-
chemical properties include the electrochemical performance, the kinetic parameters of the 
methanol oxidation, the proton and electronic conductivities and the mass transport in the 
anode catalyst layer. The physico-chemical properties were determined by means of the 
following electrochemical methods: quasi-stationary current potential measurements, cyclic 
voltammetry and impedance spectroscopy.  
For the first electrochemical measurements, a test cell was used where the anode catalyst 
layers were prepared onto glassy carbon plates. These model electrodes were dipped into 
diluted sulfuric acid, which acted as a proton conducting electrolyte instead of Nafion. It 
turned out, that the sulfate ions significantly inhibit the kinetics of methanol oxidation. In case 
of 1 M sulfuric acid, the anode performance is diminished by a factor of 4. Moreover, kinetic 
parameters like activation energies, pre-exponential factors and reaction orders are changed, 
if sulfuric acid is present in the catalyst layer. Therefore, a new test cell was developed, where 
the DMFC anodes could be characterized under fuel cell conditions, that means as part of 
small membrane electrode assemblies.
The experiments were supported by theoretical works: The kinetics of methanol oxidation at 
different catalyst loadings were fitted by algorithms based on two different reaction 
mechanisms. Furthermore, a new method for the determination of the proton conductivity in 
mixed conducting electrodes, here the anode catalyst layer, was developed. 
6.1 Influence of the ionomer content 
Catalyst layers composed of unsupported platinum-ruthenium black (40 - 81) vol.% and 
Nafion (19 - 60) vol.% were investigated. From the electrochemical investigations it turns out, 
that the best performance is obtained with a Nafion fraction of 37 vol.%. This composition also 
correlates with the maximum of the active surface area. From a comparison of the 
microstructure of samples with 37 and 60 vol.% Nafion it turns out, that high volume fractions 
of Nafion (i.e. 60 vol.%) cause an inhomogeneous distribution of the catalyst and of the 
Nafion phase. The inhomogeneous distribution results in a decreasing of the active surface 
area by a factor of 0.35, and a worsening of the electronic conductivity by factor of 5, due to 
an uneven distribution of the current density in the bulk of the catalyst layer.
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By increasing the Nafion fraction in the catalyst layer a negligible change of the overall 
porosity is observed and remains almost constant about 80%. Two types of pores can be 
distinguished: a. primary pores ? 5 - 40 nm and secondary pores ? 40 nm. The primary pores 
are correlated with a pore size maximum at 20 nm and are interpreted as pores between the 
platinum-ruthenium particles. The second pore size maximum in the range of 1 – 10 ?m is 
attributed to secondary pores, which are arising between agglomerates of the catalyst and the 
Nafion phase.
The Nafion fraction also affects the hydrophilic/hydrophobic properties of the pores inside the 
catalyst layer. Standard porosimetry measurements yielded a dominant hydrophobic 
character of the catalyst layers at Nafion fractions of (19 - 54) vol.%. The hydrophobic pore 
fraction decreases from 81% at 19 vol.% Nafion to 45% at 60 vol.% Nafion. If the current 
density of methanol oxidation is normalized to the active surface of the catalyst, the best 
performance is obtained with the lowest Nafion fraction and with the highest fraction of 
hydrophobic pores. Because the fraction of hydrophobic pores ensures a good mass 
transport of gaseous species, it can be assumed that the mass transport of carbon dioxide 
and vaporized methanol plays an essential role in the anode kinetics.
The Nafion fraction also affects the electrical conductivity of the catalyst layer. The electrical 
conductivity consists of electronic conductivity and proton conductivity, which are difficult to 
measure separately. A new method for the determination of the proton conductivity of mixed 
conducting electrodes was developed, which is based on a theory of M. Eikerling and A. 
Kornyshev [21]. It turns out, that the specific proton conductivity increases from 0.9 mS/cm for 
37 vol.% Nafion to 2.4 mS/cm for 60 vol.% Nafion. Because the current of methanol oxidation 
decreases with rising proton conductivity, the proton conductivity seems to be less important 
for the anode performance as compared to other parameters like hydrophobicity of the pores. 
The specific electronic conductivity of the platinum-ruthenium catalyst was determined by 
impedance spectroscopy and is about three orders of magnitude higher than the proton 
conductivity. It decreases from 5.3 S*cm-1 (37 vol. Nafion) to 1.1 S*cm-1 (60 vol. Nafion).
6.2 Influence of the catalyst loading 
The platinum-ruthenium loading in the anode catalyst layers was varied from 0.5 – 6 mg/cm² 
at constant composition. As concomitant effect, the thickness of the catalyst layers linearly 
increases with the catalyst loading (5.5 ?m/mg). From electrochemical measurements it turns 
out, that in the temperature range of 40 – 80 °C the performance improves with increasing 
catalyst loading up to values of 1.5 - 3 mg/cm². At platinum-ruthenium loadings higher than 
these critical loadings, which are denoted as ‘upper limits’, the performance of the DMFC 
anode is not significantly improved further. These ‘upper limits’ of the platinum-ruthenium 
loading can be explained with a limited penetration of the electric field into the catalyst layer. It 
means, that only a limited part of the catalyst layer is electrochemically active. Therefore, it 
makes no sense to further enhance the catalyst loading and thus the thickness of the catalyst 
layer. The ‘upper limits’ of the platinum-ruthenium loading and the corresponding thickness of 
the catalyst layers in the range of 8 – 14 ?m correlate quite well with the penetration depth.
Under typical operation conditions of a DMFC (T ? 80 °C, j ? 200 mA/cm²), the penetration 
depth is expected to be less than 7 ?m, corresponding to a catalyst loading of less than 
1.5 mg/cm². In the literature, much higher values of the ‘upper limit’ of 8 mg/cm² were 
reported [48, 49]. These results are not contradicting, because the literature data were 
obtained from single cell experiments, while our results are related only to half-cell 
experiments. If a membrane electrode assembly is operated under DMFC conditions, it has to 
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be considered that a thick anode catalyst layer with a high platinum-ruthenium loading can 
reduce the methanol permeation from the anode to the cathode and thus improve the cell 
performance, as described in [48]. Vice versa, the anode catalyst loading could be lowered, if 
modified membranes with reduced methanol permeation would be developed. 
6.3 Influence of hot-pressing conditions 
The influence of the hot pressing conditions, namely pressing force, pressing temperature 
and pressing duration, on the performance, electrical and electrochemical resistance, the 
porosity, the density and the microstructure of the anode catalyst layers were investigated. 
The pressing force commonly applied in the hot pressing process of MEA preparation is 
0.5 kN/cm². However, the anode performance significantly improves by increasing of the 
pressing force up to 4 kN*cm-2. This is caused by significant improvement of the electric 
contact between the Nafion membrane and the catalyst layer up to 1 kN*cm-2 of the pressing 
force. Further pressing results in an enlargement of the catalytic active surface area. As 
confirmed by scanning electron microscopy, the catalyst layer is pressed into the membrane 
and therefore a higher fraction of the Pt/Ru particles is contacted by the Nafion phase and the 
catalyst utilization increases.     
Astonishingly, the beneficial effect of a high pressing force of the anode could not be 
confirmed by characterization of membrane electrode assemblies in single cell experiments. It 
turned out, that the high pressing of the anode leads to a higher methanol permeation and 
this causes a reduction of the cathode potential and thus the cathode performance. 
Unfortunately, beneficial pressing of the anode catalyst layer can’t be used as long as 
resistant ionomer membranes to the methanol-permeation will be designed.
From the variation of the pressing temperature and pressing duration it turns out, that the 
combination of a high pressing temperature (max. 130°C) and a short pressing duration (max. 
3 minutes) is advantageous to obtain a good anode performance. For example, pressing at 
room temperature causes an increase of the ohmic and electrochemical resistance by a factor 
of 2. Pressing durations longer than 30 minutes causes an increase of the ohmic and the 
electrochemical resistance even by one order of magnitude. By aging experiments it has been 
figured out that both, as long time operation at higher temperatures (3500 hours) so longer 
hot pressing of the catalyst layer results in an unfavorable change of the microstructure and 
distribution of the Nafion phase in the catalyst layer, in other words – originally homogenously 
distributed Nafion film rolls in fibers and therefore active surface area drops considerably (by 
a factor of 4). The observed changing of the microstructure which results in worsening of 
performance and also the later aging of the anode at temperatures above 80°C suggests, that 
the unsupported catalyst and the casted Nafion phase is unfavorable combination for the 
DMFC operated at elevated temperatures (higher than 80°C).
6.4 Modeling of kinetic parameters 
Because none of the reaction mechanisms discussed in the literature is able to describe the 
kinetics of methanol oxidation at high overpotentials, a new reaction mechanism (mechanism 
‘B’) was proposed. In contrast to the mechanisms proposed in the literature, this mechanism 
includes a second oxygen species preferentially formed on the ruthenium surface, Ru–Oad.
The kinetics of the methanol oxidation on DMFC anodes were studied by quasi-stationary 
current/potential measurements as a function of the electrode potential and the loading of the 
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Pt-Ru black catalyst. The experimental results were fitted by algorithms based on two 
different reaction mechanisms. By using the ‘KINFIT’ software, equilibrium rate constants of 
the partial reaction steps and coverages of the adsorbed species in dependence on the 
electrode potential and the catalyst loading were evaluated. The best fit results are obtained 
with the new reaction mechanism, which confirms the idea of more than one oxygen species 
involved in the methanol oxidation.
Furthermore, the platinum-ruthenium loading has an unexpected influence on the OHad
coverage and the rate constants. It comes out, that the ruthenium content in the catalyst is not 
sufficient, if the catalyst loading drops below a critical value. Vice versa, it can be assumed, 
that a critical ruthenium surface is necessary to ensure a good catalytic activity of the Pt-Ru 
catalyst. This result is important from a practical point of view, because it suggests to adapt 
the stoichiometry of the catalyst to the Pt-Ru loading of the catalyst layer. It means to 
increase the ruthenium content with decreasing Pt-Ru loading and vice versa. Our results 
may also explain different stoichiometries of Pt-Ru catalyst which are proposed from several 
authors to be optimal for obtaining high anode performance.  
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ISupplement A 
Mathematical model of the kinetics of the methanol oxidation 
The KINFIT software obeys the mathematical model of Harrington and Conway [36]. This 
model represents reaction kinetics by a set of differential equations. On the one hand, these 
equations describe the temporal change of the coverage of the species adsorbed on the 
catalyst surface, ?j. On the other hand, they express the faradaic current, jF, as a function of 
time:
),,......,(
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1 ????? mjjj fdt
td ? 2.3-1
),,........,()( 1 ??? mF gtj ?   2.3-2 
In the following, the mechanisms ‘A’ and ‘B’, which were used for fitting the current potential 
curves of methanol oxidation, are described. Mechanism ‘A’ is similar to the reaction 
sequence proposed by Kauranen et al. [12].
II
Mechanism A:
According to the mechanism described by Kauranen et al. [30], the oxidation of the methanol 
on the cathode occurs in several steps:
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In the first step of this mechanism, methanol is adsorbed onto the platinum surface and the 
first hydrogen atom is removed. According to [12], this reaction step is regarded as rate 
determining. In the next two steps, the other methyl hydrogen atoms are successively 
stripped (steps 2/3). The removal of the last hydrogen atom from the functional OH-group 
(step 4) is regarded to be slow, so that both (C-OHad) and COad are observed on the catalyst 
surface. Above an electrode potential of 0.4 V / RHE, the adsorbed hydrogen atoms are 
rapidly oxidized by formation of protons and electrons (step 7). The further reaction of COad,
which poisons the surface of platinum, is facilitated by adsorbed oxygen containing species 
like adsorbed hydroxyl radicals, which are formed at higher potentials according to step 8. It is 
assumed, that COad reacts with OHad by two steps by the formation of carbon dioxide via 
COOHad as intermediate. If ruthenium is present as a co-catalyst, which is less noble than 
platinum and thus oxidized at more negative potentials, the desired oxygen-containing 
species like OHad are available at lower potentials. As a consequence, the over-potential of 
the methanol oxidation is significantly reduced and reaction 8 is predominantly occurring on 
the ruthenium surface.  
It should be stressed, that our mechanism does not propose any preference, whether the 
different reaction steps take place on platinum or ruthenium. In contrast to the assumptions 
made in the mathematical model of [12], our computation does not need to propose rate 
determining steps. On the contrary, slow, fast or rate determining steps are resulting from the 
kinetic constants k calculated by our fitting program.
III
The partial reaction steps can be described by the equations (2.3-3 to 2.3-10). The coverages 
of the adsorbed species involved in these equations are defined as: 
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Current densities of each reaction step obeys equations: 
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IV
According to the Nernst equation, the following equations must be valid under equilibrium 
conditions:
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The basic differential equations for stationary conditions, i.e. the stationary current potential 
curves, can be obtained by inserting the equations (2.2-23 to 2.2-30) in (2.2-12) and (2.2-13): 
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The computation of the above equations was performed by means of the KINFIT computer 
code [36]. This software solves the equations for the stationary current potential curves by the 
VNNES version of the Newton method [68]. The calculated rate constants k and coverages ?
are fitted to the experimental data with the aid of the MINUIT computer code [68]. 
Mechanism B:
The second mechanism differs from mechanism ‘A’ by two additional partial reaction steps, 9 
and 10, which include a second adsorbed oxygen species, Oad. Despite the fact, that the 
proposed mechanisms do not distinguish, if the reaction steps occur on platinum or 
ruthenium, it is probable, that the reaction steps 9 and 10 take place on the ruthenium 
surface. Following this assumption, step 9 is the oxidation of ruthenium hydroxide to 
ruthenium oxide and step 10 is the oxidation of CO by ruthenium oxide: 
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The reaction steps 9 and 10 can be described by the equations (2.3-32) and (2.3-33). In 
addition to the seven adsorbed species described under mechanism ‘A’, an eighth adsorbed 
species, Oad, has to be considered: 
87
8 ;
???
?
??
?
z
adO   2.3-34 
??
???
? ??????
?
???
?? ? RT
FEk
TR
EFkj )1(expexp 89799
????   2.3-35 
? ?
? ?? ? ? ?zyzyCO
zy
ggpk
ggkj
??????
??????
)1(exp1(exp)1()1(
)(exp
210
841010
???????
?
?
  2.3-36 
In contrast to mechanism ‘A’, the second mechanism allows two parallel reaction paths. This 
means, that COad can be oxidized whether by OHad (steps 5 and 6) or Oad (steps 9 and 10). 
As a consequence, two Nernst equations have to be derived kinetically. The first equilibrium 
condition related to the oxidation via OHad has been already described in equations (2.3-21 to 
23). The equilibrium conditions derived for the second pathway via the reaction steps 9 and 
10 are the following: 
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equilibrium coverages see mechanism ‘A’, additionally: 
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The differential equations for stationary conditions following the second pathway are obtained 
by inserting the equations (2.3-36 / 46) in (2.3-2) and (2.3-3): 
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In contrast to mechanisms proposed by other authors, the mechanism “B” proposed in this 
work allows to explain the oxidation at high overpotentials, where a current maximum is 
observed. The oxygen species Oad  which adsorbs on the Ru-surface plays a significant role, 
which is explained more detailed in chapter 5.5. 
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